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Equilibrium at Low Pressure in the Reduction of Barium Oxide by Carbon 


CALLAWAY BROWN 
General Electric Company, Research Laboratory, Schenectady, New York 


(Received January 9, 1950) 


An experimental scheme to investigate the reduction equilibrium of barium oxide by carbon is described 
and analyzed critically. Exploratory results at 950° support the analysis and indicate equilibrium at carbon 
monoxide pressures below 100y with barium vapor pressures in the range 0.1 to 0.34. The resulting value for 
the free energy of formation of barium oxide is — 114,000 cal. per mole. 





VEN the most refractory oxides are reduced by 

carbon at low pressures and at temperatures 
sufficient to volatilize the reduced metal from the reac- 
tion zone. If metal vapor is kept in contact with an 
oxide-carbon mixture in a closed system, equilibrium 
should be attained. The reaction, 


BaO(s)+C(s)=Ba(g)+CO(g), 


occurs readily in the activation of oxide coated cathodes. 
Use of a low pressure system to determine the equi- 
librium constant, K=pco- Psa, poses substantial diffi- 
culties but results reported herewith indicate that it 
offers a most promising approach to the thermochemis- 
try of barium oxide. 


EXPERIMENTAL METHOD 


A barium oxide-powdered graphite mixture in a low 
ash graphite crucible was enclosed in a one-inch quartz 
tube (Fig. 1). The experimental scheme involves two 
constant temperature zones: a high temperature zone 
T; for the reaction mixture, and a lower temperature 
zone T; for a reservoir of solid barium. The pressure of 
barium vapor in contact with the reaction mixture is 
thereby maintained at a constant value determined by 
the vapor pressure of barium at 7. Connection to a 
McLeod gauge through a capillary tube permits meas- 
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Fic. 1. Apparatus and method. 
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urement of the carbon monoxide pressure and limits the 
escape of barium vapor to avoid a pressure gradient 
between the 7; and JT» zones. The capillary tube simu- 
lates in effect a closed system with reaction mixture at 
T, and walls at 7. In principle it can be made as small 
as desired. The 10-cm long, 2-mm diameter tube used 
constricts the escape of barium vapor to a value neg- 
ligible compared with the capacity of the barium 
reservoir and permits easy evacuation or equalization 
of the carbon monoxide pressure between the McLeod 
gauge and the hot zones. 

The pressure of carbon monoxide at equilibrium com- 
bined with the known pressure of barium vapor de- 
termines the equilibrium constant. Side reactions, such 
as reaction of barium vapor with the walls, and “getter- 
ing” of carbon monoxide by barium outside the 7: zone, 
are to be expected. They need not influence the equi- 
librium pressures provided the equilibria of barium with 
its vapor at 7, and of the reduction at 72 adjust to 
pressure changes at a rate which is rapid compared with 
that of non-equilibrium processes. Evidence that this 
criterion for significant equilibrium results may be 
realized appears in the results. 

The reaction mixture was formed from 200 mg of 
reagent grade barium carbonate mixed with an excess 
of powdered graphite. Barium was introduced in the 
form of nickel clad barium wire, the tube sealed off, 
evacuated, and heated to 1000° for one hour to convert 
carbonate to oxide and initiate reduction. The barium 
was then released from its nickel covering by heating 
with a high frequency induction coil. The temperature 
zones were maintained constant within 10° with re- 
sistance furnaces, and measured with calibrated chro- 
mel-alumel thermocouples. 
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Fic. 2. Rate of reaction. Curve 1—Graphite crucible alone. 
Curve 2—Graphite crucible+barium oxide. Curve 3—Graphite 
crucible+barium oxide-powdered graphite mixture. 


RESULTS 


The normal progress of the reaction at 1000° with 
the T; zone cold appears in Fig. 2. The pressure in- 
creased linearly with time and fell off only moderately 
after repeated evacuations. The rate of reaction was 
highly dependent on the intimacy of contact. Gas 
evolution from the empty crucible, largely carbon 
monoxide without effect on the equilibrium, decreased 
considerably on repeated evacuation. 

Evidence for equilibrium at 950° appears in Figs. 3 
and 4. The initial point of each curve represents the 
time at which the evacuated system was closed off. 
The following rise in pressure, due to carbon monoxide, 
was markedly affected by the temperature T, of the 
barium reservoir, indicated at intervals along the curves. 
Increase of 7, by 30° from 545° was calculated to 
increase the pressure of barium vapor from 0.104 to 
0.25u.! As the temperature 7; was raised the pressure 
dropped abruptly from more than 60y to pressure 
plateaux at 29u and 25y in two tests. Possible complica- 
tion from reaction of carbon monoxide with barium 
outside the T, zone is suggested by the anomalous drop 
in pressure (Fig. 3) which followed a drop in 7; before 
the expected pressure rise. The somewhat lower pressure 
plateaux at 24u and 16y resulted when 7; was held 


1 Based on vapor pressure data for solid barium. E. Rudberg 
and J. Lempert, J. Chem. Phys. 3, 627 (1935). 
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constant at 570° rather than increased suddenly to that | 


value after accumulation of excess carbon monoxide, 
so that equilibrium was approached from the reverse 
direction. The general consistency of the results is seen 
by comparison of the plateau at 69+4y for T;=545° 
(ppa=0.10u), followed for 50 minutes, with the average 
value of 25u at 7;=575° (pp,=0.25y). Corresponding 
values of the equilibrium constant, K=/ppa-pco, are 
11.9X10-” and 10.8X10-" sq. atmos. respectively. 
The free energy change in the reduction, 


AF°= AF 3,0°— AF co®= — RT InK = — 61,200 cal. 


When the well-established value for AFco®= —52,600 
cal.? is substituted, a rounded value for the free energy 
of formation of barium oxide at 1223° abs. of — 114,000 
cal. is obtained. 


SIGNIFICANCE OF RESULTS 


Establishment of the equilibrium constant within a 
factor of two corresponds to an uncertainty of +1000 
cal. in the free energy of formation of barium oxide. 
The present exploratory results indicate an internal 
consistency at least within this accuracy although con- 
siderable further work is necessary to establish the 
absolute accuracy. Complications due to side reactions: 
mainly reaction of barium vapor with the quartz walls 
and reaction of barium with carbon monoxide outside 
the T, zone appear to be less serious than might be 
anticipated. It is suggested that these non-equilibrium 
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Fic. 3. Equilibrium at p,=0.10 micron. 


2 Calculated at 1223° abs. from equation of M. deKay Thomson, 
“The Total and Free Energies of Formation of the Oxides of 
Thirty-Two Metals” (The Electrochemical Society, New York, 
1942), p. 4. 
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processes decrease in rate as reaction proceeds and it is 
only necessary that the two equilibria: 


Ba(s)=Ba(g) at 7; (1) 


and 
BaO(s)+C(s)=Ba(g)+CO(g) at T», (2) 


adjust with relative rapidity to pressure changes. A 
possible effect of thermal diffusion on the pressure of 
barium vapor at T» is inherent in the method, but its 
maximum value is given by the ratio (J72/7})}. 

The possibility of solid solution of carbon in barium 
oxide, or the incidence of barium carbide formation, 
must also be considered. Equilibrium at 1141° and 
1295°C in the formation of barium carbide from the 
oxide and carbon has been reported by M. deKay 
Thomson.’ The reaction was considered to be 


BaO+3C=BaC.+ CO. (3) 


The equilibrium pressure of carbon monoxide was 
found to depend upon the composition of the solid 
mixture and it was concluded that a single solid solution 
of the three solids was necessary to account for the 
trivariance of the system. Thomson points out that 
dissociation of barium carbide into its elements occurs 
at higher temperatures, barium deposits on the walls, 
and the equilibrium measured is no longer that of 
reaction (3). The reaction, 


2Ba0+ BaC2= 3Ba(g)+ 2CO(g) (4) 


was not considered. Since carbon alone reduces barium 
oxide below 1000°C at low pressures, reduction by 
barium carbide by the reaction 4 is to be expected at 
much lower temperatures than dissociation of the 
carbide into its elements. The sum of reactions (3) 
and (4) gives the equilibrium (2) considered in the 
present work. Since our temperatures are considerably 
lower than those usually associated with barium carbide 
formation and the pressures are much lower than those 
used by Thomson, thereby favoring removal of any 
combined carbon by reaction (4), complication of the 
low pressure reduction by barium carbide is unlikely. 


(1928) deKay Thomson, Trans. Am. Electrochem. Soc. 54, 91 
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Fic. 4. Equilibrium at ppa=0.25 microns. 


The free energy of formation of barium oxide has 
been estimated by White‘ by application of the third 
law of thermodynamics to available specific heat data. 
Interpolation of his calculations gives a value of 
— 120,000 cal. at 950°C, considered to be correct within 
5000 cal. Recent determination of the high temperature 
specific heat of barium oxide® increases this estimate 
by about 1000 cal., and narrows the range of uncer- 
tainty in the third law value, now mainly in the heat 
of sublimation of metallic barium at room temperature. 
The present direct attack on the equilibrium constant 
thus indicates a value higher by a factor of ten than the 
third law value. For such a difficult system this is most 
encouraging agreement. With sufficient refinement and 
data at a series of temperatures, the equilibrium method 
should provide thermochemical constants of high 
accuracy. 


4A. H. White, J. App. Phys. 20, 856 (1949). 
5 J. J. Lander, private communication for early publication in 
J. Am. Chem. Soc. 
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The Infra-Red Spectrum of Chloroacetylene and Deuterochloroacetylene* 


W. S. RicHARDSON AND J. H. GoLpsTEINt 
Mallinckrodt Chemical Laboratory, Harvard University, Cambridge, Massachusetts 


(Received July 10, 1950) 


The vapor phase infra-red spectra of the molecules HCCCl and DCCCI have been investigated in the 
region 2u to 30u, and four of the five fundamentals have been identified for each molecule. Force constants 
have been calculated for the stretching modes of vibration assuming a linear structure. The bond stretching 
force constants have the values: fox =5.88, foc= 14.9, foci=5.51 all in units of 105 dynes/cm. The effect 
of resonance between the covalent structure, H—C =C—Cl, and the structure H—C~ = C=Cl1* in stiffening 


the carbon-chlorine bond is discussed. 





I. INTRODUCTION 


HE vibrational spectrum of chloroacetylene has 

not been previously reported. Electron diffrac- 
tion measurements! indicate that the molecule is linear, 
and this result is confirmed by the microwave spec- 
trum.” The carbon-chlorine internuclear distance as re- 
ported from the microwave study is 1.632A, represent- 
ing a considerable shortening over the essentially co- 
valent single bond length in CH;Cl. This effect is prob- 
ably due to resonance of the covalent structure 
H—C=C-—CI, with the double-bonded chlorine struc- 
ture H—C-~=C=Cl-. If the latter structure is im- 
portant, it is to be expected that the carbon-chlorine 
stretching force constant will be increased over its 
normal covalent value, an effect which is indeed ob- 
served. A close similarity can be expected between 
chloroacetylene and cyanogen chloride. In the latter 
molecule the carbon-chlorine bond is shortened* and 
stiffened‘ through resonance with the structure 
N-=C=ClI* to an extent closely paralleling the case 
of chloroacetylene. 


Il, EXPERIMENTAL 


The samples of chloroacetylene and deuterochloro- 
acetylene were the same ones used in the investigation 
of their microwave spectra mentioned above. The 
chloroacetylene contained as an impurity about five to 
eight percent of cis-dichloroethylene, one of the re- 
actants from which it was prepared. It was possible to 
separate the two somewhat by bulb-to-bulb fractiona- 
tion in vacuum; but, because of the small size of the 
sample and the dangers involved in handling chloro- 
acetylene, no complete separation was attempted. The 
deuterochloroacetylene contained less than one percent 


* The research reported in this paper was made possible through 
support extended Harvard University by the Navy Department 
(ONR) under ONR Contract NSori-76, T.O.V. 

t National Research Council Predoctoral Fellow. Present ad- 
dress: Chemistry Department, Emory University, Emory Uni- 
versity, Georgia. 

( a8). Brockway and I. E. Coop, Trans. Faraday Soc. 34, 1429 
1938). 

2 Westenberg, Goldstein, and Wilson, Jr., J. Chem. Phys. 17, 
1319 (1949). 

8 Smith, Ring, Smith, and Gordy, Phys. Rev. 74, 370 (1947). 

4W. S. Richardson and E. Bright Wilson, Jr., J. Chem. Phys. 
18, 155 (1950). 
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of HCCCI as judged from its spectrum and no cis- 
dichloroethylene. It did, however, show two bands (at 
788 cm and 2700 cm) which have no apparent ana- 
logs in the HCCCI spectrum and for which there is no 
obvious assignment. Again the small sample did not 
permit any extensive attempts at purification, and 
crude bulb-to-bulb fractionation failed to alter the in- 
tensity of these bands with respect to those of DCCCI. 
It may be noted that neither of these bands can be a 
stretching fundamental of DCCCIl. 

All measurements were made in the gaseous state at 
pressures from 3 to 10 cm of Hg as indicated in Figs. 1 
and 2. The spectra were taken in the region 2y to 16y 
with a Baird Associates, Inc., Model B (NaCl prism), 
infra-red recording spectrophotometer. In the region 
16u to 30u the spectrograph described by Gershinowitz 
and Wilson® with modifications described by Hyde® was 
used with a KRS-5 prism and a 30 cm cell equipped with 
KBr windows. Both spectrographs were calibrated in 
the regions of interest with bands of common molecules 
whose frequencies have been well established. The dis- 
persion of the Baird Spectrograph is relatively low from 
2u to 6u, but by using a point by point technique rather 
than continuous recording, it was possible to obtain 
indications as to the shape of the band envelopes in 
this region. 


III. RESULTS 


Figures 1 and 2 show the spectra obtained at the 
pressures indicated. Bands due to chloroacetylene are 
marked A, those due to deuterochloroacetylene 8, 
cis-dichloroethylene C, and the unassigned bands in 
the DCCCI spectrum D. 


IV. FREQUENCY ASSIGNMENTS 


A linear four atomic molecule has three non-de- 
generate stretching modes (+) and two doubly de- 
generate bending modes (7). It is to be expected that 
the stretching frequencies for HCCCI will fall roughly 
in the regions characteristic of the H—C=stretch 
(~3300 cm), the C=C stretch (~2000 cm) and 
the =C—Cl stretch (less definite than the others, but 

6H. Gershinowitz and E. B. Wilson, Jr., J. Chem. Phys. 6, 


197 (1938). 
6 W. L. Hyde, thesis, Harvard University (1948). 
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714 cm™ in CICN*). The two strong bands in HCCC] at 
3319 cm~! and 2109 cm! must be the first two of these. 
They show a large and small isotopic shift respectively 
in DCCCI1 which substantiates the assignment. The 
small isotopic shift shown by the 756 cm™ band marks 
it as the =C—Cl stretching mode. As a check we may 
apply the Teller-Redlich product rule’ for the )>+ 











vibrations: 
10) 2W3 M m‘x} 
Rains -( ~) = 1.403 (1) 
@1'wo'w3" M* m 
V1{V2V3 
——= 1.378, (2) 
V1'Vo'V3" 


where the w’s are zero-order frequencies, v’s the observed 
frequencies, M the molecular weight, and m the mass 
of the hydrogen atom in question, the superscript 7 
denoting the deuterium compound. We note that the 
observed frequency ratio is about two percent smaller 
than the mass term which is to be expected for hydrogen- 
deuterium isotopic pairs because of differences in 
anharmonicity.® 

The bands at 606 cm™ in HCCCI and 476 cm™ in 
DCCCI are assigned as the H—C=C and D—C=C 
bending modes (v5) respectively. The large isotopic 
shift substantiates the assignment. The bands at 1202 
cm and 940 cm~ are close to twice these lower fre- 
quence bands and are assigned as 2v;. The other bend- 
ing frequency was not observed for either molecule, and 
no obvious combination or overtone bands involving it 
were observed. The assingments are summarized in 
Table I. 














2500 (000 62s Soo vic 
T Tt + 

oF yy TWN 
° 
a c 
a A 
r Se 
” 
| psiocm. p=3cm 
= a 5 cm. cell | 30 cm. cell 
x | 4 . 

° , ae eee Lae 

2 4 6 8 10 12 4 lo 18 20 AQ) 


Fic. 1. The infra-red spectrum of HCCCI from 2 to 30u. No 
bands due to HCCC were observed between 224 and 30u. A 
=chloroacetylene; C=cis-dichloroethylene. 
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Fic. 2. The infra-red spectrum of DCCCI from 2p to 30u. No 
bands due to DCCCI were observed between 22u and 30u. A 


iactloroacetylene ; B=deuterochloroacetylene; D=unassigned 
bands, 


ee 


"See for instance, G. Herzberg, Infra-Red and Raman Spectra 
of Polyatomic Molecules (D. Van Nostrand Company, Inc., New 
York, 1945), p. 231 ff. 

*See for instance, F, Halverson, Rev, Mod. Phys. 19, 87 (1947), 
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TABLE I. Observed frequencies of HCCCI and DCCCI. 











HCCCl DCCCl 
Designation Species Freq. (cm~}, vac.) Freq. (cm™, vac.) 

v1 at 3319 2610 
ye 2+ 2109 1979 
2v5 at 1202 941 
V3 at 756 742 
V5 us 606 476 

M% 7 not obs. not obs. 








TABLE II. Force constants for HCCCI] and DCCC1 in 
units of 105 dynes/cm. 











From HCCCl1 From DCCCI Average 
Sou 5.88 6.13 — 
toc 15.0 14.9 14.9; 
foci 5.52 5.51 5.515 








V. CALCULATION OF FORCE CONSTANTS 


If we neglect all cross terms in the general quadratic 
potential function 


2V=), FijArAr; ‘ (3) 
ij 


we may write for the >>* vibrations of HCCCI 
2V=fcnArcutfocdrectfeciAr'cei (4) 


where f is the force constant and Ar is the change in 
bond length of the bonds described by the subscripts. 
In principle, the six stretching frequencies observed 
should permit the evaluation of five force constants in 
Eq. (3) (i.e., the three principal force constants and two 
interaction constants). In practice, because of the dif- 
ferences in anharmonicity in the two molecules, no 
significant values for the interaction terms could be 
obtained, and we must be content with evaluation of 
the principal force constants independently from the 
two species, setting all cross terms equal to zero as in 
Eq. (4). 

The equations which give the bond stretching force 
constants in terms of the normal frequencies may be 
put in the form: 


AitAs+As= (unt+uc)fout2ucfoot (uctuci)fec: (5) 
ArdotAiAstAad3s= (uc?+ 2unuc)fcufoc 
+ (unt+uc)(uctuci)fcufecit (uc?+ 2ucuci)fecfcc: 
ArAoA3= (unuc?+ 2unucucitucuc’)fcufccfcci 


where \=47°w" and uy is the reciprocal of the mass de- 
noted by the subscript. The values of the principal 
force constants obtained from the two molecules are 
given in Table II together with the averages for the 
C=C and C—Cl force constants. 

While it is not possible to evaluate any cross terms 
in (3), the effect of various values of the cross term be- 
tween the carbon-carbon and the carbon-chlorine bonds 
on the values of the principal force constants was in- 
vestigated. For a series of values of this interaction 
constant ranging from —0.6 to +0.6X10° dynes/cm 
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the force constants fcc and fcc: were found to vary by 
+0.7X10° and +0.3X10° dynes/cm respectively. Ef- 
fects due to other cross terms were not investigated, but 
it is to be expected that they will cause much smaller 
variations in fcc; than the above term. We may some- 
what arbitrarily select a value of 5.0X10° dynes/cm 
as a reasonable lower limit to fcc:; this corresponding to 
a positive interaction constant and allowing for small 
variations from other sources. 


VI. DISCUSSION 


For an essentially covalent carbon-chlorine bond (in 
a molecule such as CH;Cl) the carbon-chlorine stretch- 
ing force constant has a value ~3.6X10°. The value of 
focia 5.0X10* in chloroacetylene, therefore, indicates 
considerable stiffening of the bond. We ascribe this to 
resonance between the covalent structure and the 
double-bonded H—C~=C=ClI*. We might also expect 


E. R. NIXON AND P. C. CROSS 


a corresponding softening of the carbon-carbon bond, 
and the value of 14.9 10° for fcc is rather lower than its 
value in acetylene and other molecules where such 
resonance cannot occur. However, it must be noted 
that the uncertainty in the values of the interaction 
terms puts the true value of fcc in considerable doubt, 
and no valid deductions can be made from it. It is 
also to be expected that for a molecule which is a reso- 
nance hybrid of the above type the stretch-stretch 
interaction terms will be positive and at least for the 
one term investigated this leads to higher values of fcc. 
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The Intensities of Several of the Infra-Red Absorption Bands of 
Cyanogen and Cyanogen Chloride* 


EuGEene R. Nrxon** anp Paut C. Crosst 
Metcalf Research Laboratory, Brown University, Providence, Rhode Island 


(Received February 10, 1950) 


Measurement of the absolute intensities of several infra-red absorption bands of cyanogen and cyanogen 
chloride gives the following values in cycles per cm at N.T.P. 


Cyanogen 


Cyanogen chloride 


Band Intensity 
2150 cm“ 90 101° 

Band Intensity 
714 cm 17X10" 

2214 cm™ 220 10"° 


Values of the variation in bond moments with change in bond length are calculated on the basis of bond 
moment additivity. This leads to widely different values of this derivative for the CN bond in the two 


molecules. 


The infra-red spectrum of cyanogen chloride from 2 to 20 microns is reported. 


INTRODUCTION 


ECENTLY Wilson and Wells! have described an 
experimental method by which the intensities of 
infra-red absorption bands may be determined to a fair 
degree of accuracy even with a spectrometer of ordi- 
nary resolution. This method has been used here to 


* Part of the material in this paper is taken from a thesis pre- 
sented by Eugene R. Nixon in partial fulfillment of the require- 
ments for the Ph.D. degree in the Graduate School of Brown 
University, October, 1947. The research reported here was sup- 
ported in part by the ONR under Contract N6ori-88, T.O.1. 

** Present address: Department of Chemistry and Chemical 
Engineering, University of Pennsylvania, Philadelphia, Penn- 
sylvania. 

+ Present address: Department of Chemistry and Chemical 
Engineering, University of Washington, Seattle, Washington. 

1E. Bright Wilson, Jr. and A. J. Wells, J. Chem. Phys. 14, 
578 (1946). 


measure the intensities of the 2150 cm~ band of 
cyanogen and the 714 cm™ and 2214 cm~ bands of 
cyanogen chloride. Errors in the measurements are 
estimated as less than -tten percent. 

In the Wilson-Wells method (and using their termi 
nology) the integrated apparent absorption, ®, givel 
by the equation 


@= pLB= f (InT/T)dv (1) 


is measured for a given band at a series of values of the 
product pL. In this expression p’is the pressure of the 
absorbing gas; L is the cell length; 7 the light trans 
mitted by the empty cell; 7 the light transmitted by 
the sample cell; and the integration is carried over the 
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width of the band. If the fine structure of the band is 
satisfactorily eliminated by pressure broadening and 
corrections are made for any atmospheric absorption 
or stray light, the true band intensity is then the value 
of B obtained by extrapolation to pL=0. 

In a first approximation the true intensity A; of the 
kth fundamental vibrational band is related to the 
molecular parameters by the expression 

A,=(Nx/3c)| dy/dQx|?, (2) 
in which N is the number of molecules per unit volume, 
cis the velocity of light, u is the dipole moment of the 
molecule and Q, is the normal coordinate for the par- 
ticular vibrational mode. If it is assumed that bond 
moments are additive and depend only upon bond 
lengths and if the normal coordinates are known in 
terms of internal coordinates, it is then possible to 
reduce band intensities to values of either the indi- 
vidual bond moments y;, or rates of change of bond 
moments with internuclear distances (du/0r);. 

The instrument used in this investigation was a 
Perkin-Elmer Spectrometer Model 12B, modified by a 
double beam arrangement, which allowed rapid com- 
parison of the transmission of the filled and empty 
cells. 


CYANOGEN 


The cyanogen was prepared by the thermal decom- 
position of mercuric cyanide. A charge of Mallinckrodt 
Analytical Reagent Hg(CN)2 was preheated to assure 
dryness, then decomposed at 550-600°. The gas evolved 
was passed through P.O; and condensed in a dry ice 
trap; the crystalline condensate was twice fractionally 
sublimed, each time the bottom fraction (about 30 
percent) being discarded. 

The experimental values of the integrated apparent 
absorption for the 2150 cm band are shown in Fig. 1. 
It can be seen that the addition of one atmosphere of 
nitrogen as a broadening agent produces only a minor 
increase in ®. This was taken to mean that for the 
spectrometer resolution in this spectral region the fine 
structure of the band is already essentially eliminated 
in pure cyanogen by self broadening and that the one 
atmosphere of nitrogen is adequate for the pressure 
broadening effect. It might be expected that larger 
Values of the integrated apparent absorption would 
tesult from the use of smaller slit widths and hence 
greater resolving power but the scattering of the data 
due to experimental error obscures such a relation. 
Because of this scattering of experimental data, the 
intensity was calculated from values of ® taken from 
the smooth curve in Fig. 1. These “smoothed” values of 
® determine the curve B=@/PL which extrapolates 
at PL=0 to an intensity of 9010" cycles per cm at 
N.T.P. for the 2150 cm— band? 


LS 

* There is a slight complication here in that the band at 2150 
cm™ overlaps a weaker one on the low frequency side. Bailey and 
Carson (J. Chem. Phys. 7, 859 (1939)) report the center of the 
Weaker band at 2093 cm™ and its intensity as 15 percent of that 
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With a potential function containing only harmonic 
valence forces, the normal coordinate for the vibra- 
tional mode corresponding to this band, which Herz- 
berg’ labels v3, is given by Q3;=2.32K10-"(r,—r2) 
where 7; and 72 represent changes in the two C—N dis- 
tances. The assumptions of bond moment additivity 
then lead to (du/dr)cn=+0.72X10- (c.g.s. units), 
the ambiguity in sign resulting from the quadratic 
relation in (2). 


CYANOGEN CHLORIDE 


Samples of cyanogen chloride were prepared and 
purified according to the method of Coleman, Leeper 
and Schulze.‘ 

Prior to intensity measurements, the infra-red spec- 
trum of the gas in the region from 2 to 20 microns was 
investigated. The results of this work are given in 
Fig. 2 and Table I. A survey in the thallium bromoiodide 
prism range revealed an additional strong absorption 
band centering at about 390 cm~, but neither the fre- 
quency nor the intensity of this band could be de- 
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Fic. 1. Experimental values of @, the integrated apparent ab- 
sorption, for the 2150 cm™ band of cyanogen as a function of the 
pressure of cyanogen. The circles represent determinations in 
which nitrogen was added to give a total pressure of one at- 
mosphere. The x represents cases in which no broadening agent 
was added. 


of the 2150 cm™ band. It is difficult to see from the data given in 
their paper how they arrived at this value for the relative in- 
tensity. The present work indicates that the 2093 cm™ band is 
much weaker than this and its contribution to the intensity of the 
2150 cm“ band has hence been neglected. 

3G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., New York, 1945), 
p. 294. 

4 Inorganic Syntheses (McGraw-Hill Book Company, Inc., New 
York, 1946), Vol. IT, p. 90. 
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TABLE I. Infra-red band centers and assignments 
in cyanogen chloride. 











Frequency (cm~) Assignment 
(390) v2 
714 Vi 
784 2ve2 
960 ? 
1573 ? 
1840 ? 
2214 V3 
2580 v3tve2 
2915 vstni 
2995 v3t2ve2 








termined accurately because of the presence of a 
considerable amount of stray radiation and the lack of a 
precise prism calibration. 

In the Raman spectrum of liquid cyanogen chloride, 
West and Farnsworth’ found strong lines at 397, 729 
and 2201 cm™ which they assigned as the three funda- 
mental vibrations. A very weak line at 809 cm they 
assumed to be the first overtone of the bending mode. 
It thus seems reasonable to assign the strong infra-red 
bands at 390, 714 and 2214 cm™ as the three funda- 
mentals for the gas. Table I includes these assignments 
given according to Herzberg’s numbering.® 

Several remarks on the spectrum of cyanogen chlo- 
ride seem to be in order. First, the appearance of weak 
bands at 960 and 1573 cm is almost certainly caused 
by impurities. One sample of the gas was prepared in 
which there was no trace of absorption at these fre- 
quencies. This sample was discarded, however, because 
it contained an estimated 0.4 percent of COs», the result 
of a slight decomposition. Second, the band at 1840 
cm~', which appeared in all the samples of cyanogen 
chloride prepared, is unaccounted for but may be due 
to an impurity not readily removed by the methods of 
purification employed here. Thirdly, from the pre- 


5 W. West and M. Farnsworth, J. Chem. Phys. 1, 402 (1933). 
® See reference 3, p. 174. 


liminary work, the bending fundamental v2(390 cm~) 
appears to be no more intense, possibly weaker, than 
2v2 (784 cm~'), but as stated before, estimation of in- 
tensities is somewhat uncertain in the 390 cm™ range. 
Lastly it should be pointed out that there is the possi- 
bility of Fermi resonance between levels v; and 2y2 and 
levels v3+v; and v3+2v2. The magnitude of such reso- 
nance cannot be determined from the available data 
and so resonance effects have been neglected in the 
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Fic. 3. Experimental values of @, the integrated apparent ab- 
sorption, for the 714 cm™ and 2214 cm™ bands of cyanogen 
chloride as a function of the pressure of cyanogen chloride. The 
upper abscissa scale applies to the 714 cm™ band. The open circle 
and x represent experiments in which nitrogen was added to giv 
a total pressure of one atmosphere, the half-filled circle represents 
the case with one-half atmosphere of nitrogen; the completely 
filled circle the case with no foreign gas present. 
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TABLE II. Force constants, normal coordinates and bond moment derivatives of cyanogen chloride as a 
function of the interaction constant y2. 

















kis ki ke Lum Li La L327 (dn/ar)ccy (dn/ar)CN 
(in units of 105) (in units of 10712) (in units of 10719) 
0.0 4.93 17.05 4.96 3.01 0.524 —2.98 0.41 1.84 
0.92 1.03 
—— 0.5 4.77 17.71 498 295 0.407 —3.05 0.47 1.87 
| oom 0.86 1.08 
at 25° 10 463 18.34 499 286 0.294 —3.11 0.43 1.88 
e of 45.5 5.0 4.86 22.49 4.97 2.36 0.468 3.51 0.89 2.01 
lid line). 0.44 1.38 
2S repre- 
m_pres- 
| .m. calculation of force constants and bond moment deriva- two numerical values of each derivative are possible. 
tives discussed below.’ These are given in Table II, the upper set for the case 
Experimental data for the intensities of v; and v3 are in which both derivatives have the same sign (either 
shown in Fig. 3. Again one atmosphere of nitrogen positive or negative), the lower set for the case of 
proved to be adequate for the pressure broadening opposite signs. 
effect. In the same manner as described for cyanogen, 
“smoothed” values of ® were used in the extrapolation DISCUSSION 
} 10 ° . ° . 
a a leading to 17X10" and 220X 10" (cycles per It has been pointed out that information aside from 
0 cm™) | cm at N.T.P.) as the intensities of »: and vs respec- intensity data is necessary to establish the sign of bond 


er, than Ff tively. moment derivatives. In the case of cyanogen chloride, 


m. of in- The force constants k, and kz have been calculated for Beach and Turkevich® have suggested that two resonat- 
1 range. | several values of the interaction constant kj. on the ing structures may be written for the molecule. 


1e possi- | basis of the potential function 





2v2 and (a) CI-C=N 
ch reso- V= hire t+hiriret+ there’, (3) (b) +Cl=C=N-. 
t ‘ , oe 
vee where 7; and re are respectively the changes in the CCl If it is assumed that the CN and CCl bond moments 
and CN distances. These calculations are given in both have their positive ends directed toward the carbon 
Table II, together with values of the coefficients atom, then a CCl stretch, favoring structure (a) and a 
L,;- for the transformation from internal to normal CN stretch, favoring (b), lead to increased moments 
coordinates. and hence positive signs for both derivatives. By this 
aS tars, (4) argument we should then adopt the upper set of values 
Qe= Liber i. in Table II with positive signs for the bond moment 
Calculation of bond moment derivatives in cyanogen der ivatives. j 
chloride again involves sign ambiguity and for each ky» Despite any sign considerations, however, it is seen 
—_—_. that (du/dr)cn has widely different numerical values in 
"While the actual extent of resonance and consequent mixing of C,N», and CICN. It is reasonable to expect that bond 
levels is undetermined, a first-order perturbation calculation, t desivati aoaked f lecul 
using observed intensities and frequencies, gives +12.5 cm™ as momen eriva Ives snou : vary trom molecule to 
the maximum possible Fermi shift for the levels v; and 2v2. In molecule since the assumptions of bond moment addi- 
this extreme case of resonance the “unperturbed” fundamental tivity disregard the effects of induced polarization in 
, would fall at 727 cm™ and possess zero intensity. Under these , . ia 3 
conditions force constants and bond moment derivatives would neighboring bonds within a molecule. That (dn/ Or)on 
have the following values in CICN is much greater than in C.N2 would indicate 
ki= 5.14X10® (0u/dr)cor=+0.32X10- that the CCl bond is more polarizable than the CC 
ko=16.98X105 (0u/dr)con =+1.74XK10-" bond. 
for the case in which the interaction constant, ki2, of expression .———— 
(3) is set equal to zero. These values are to be compared with 8 J. Y. Beach and A. Turkevich, J. Am. Chem. Soc. 61, 299 
those in the first line, of Table IT, in which resonance involving »; (1939). See also C. H. Townes and B. P. Dailey, J. Chem. Phys. 
has been neglected. 9, 788 (1949). 
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Raman displacements and infra-red absorption wave numbers for 2,3-dibromo-2,3-dimethylbutane and 
2,2,3,3-tetramethylbutane (hexamethylethane) are reported, together with depolarization factors for the 
Raman lines and relative intensities for both the Raman lines and the infra-red absorption bands. The spectra 
were obtained in both benzene and CCl, solutions and the infra-red measurements covered the region 
400-5000 cm~!. The results indicate that both molecules possess a center of symmetry and that the structure 
is the same in the two solvents. The dipole moment of 1.01 D. obtained by Mizushima, Morino, 
and Miyagawa for 2,3-dibromo-2,3-dimethylbutane in CCl, solution may be explained by oscillations of 48° 


amplitude about the equilibrium trans- position. 





AMPLES of 2,3-dibromo-2,3-dimethylbutane (DB) 

and 2,2,3,3-tetramethylbutane (7M) were kindly 
sent to us by Dr. George Calingaert, Ethyl Corpora- 
tion, Detroit, Michigan, following an earlier study of 
some ethane-like molecules.! 

Kahovec and Wagner’ had obtained Raman spectral 
data for DB, as well as for the similar molecule, 2,3- 
dichloro-2,3-dimethylbutane (both in powdered crystal- 
line form); and infra-red spectral data for 7M were 
available both for the gaseous state* in the region 
675-6000 cm and for a solution‘ in the region 790-4310 
cm—!, Lambert and Lecomte® also have reported, in 
graphical form, the infra-red spectrum of 7M. How- 
ever, we were unable to find any previous Raman data 
for TM or any previous infra-red data for DB. 


EXPERIMENTAL 


The Raman displacements, semiquantitative relative 
intensities, and quantitative depolarization factors were 
obtained by use of previously described® apparatus and 
methods. Eastman 103-J plates were used and excita- 
tion was by Hg 4358A. The depolarization measure- 
ments for each line were made—when possible—on that 
spectrogram for which the densities fell on the linear 


* Preliminary reports were made at the Houston (1947) and 
Chicago (1949) meetings of the American Physical Society; ab- 
stracts in Phys. Rev. 73, 653 (1948) ; 77, 740 (1950). 

** Present address: Sinclair Research Laboratories, Harvey, 
Illinois. 

*** Present address: Department of Physics, Texas Agricultural 
and Mechanical College, College Station, Texas. 

1 Dwight T. Hamilton and Forrest F. Cleveland, J. Chem. Phys. 
12, 249 (1944). 

2L. Kahovec and J. Wagner, Zeits. f. physik. Chemie B47, 48 
(1940). 

3R. A. Oetjen and H. M. Randall, Rev. Mod. Phys. 16, 265 
(1944). 

4 American Petroleum Institute Research Project 44. National 
Bureau of Standards. Catalog of Infra-Red Spectral Data. No. 
444, 2,2,3,3-tetramethylbutane, contributed by the Shell Develop- 
ment Company laboratory. 

s ) Lambert and J. Lecomte, Ann. de physique 10, 525, 528 
(1938). 

6 Forrest F. Cleveland, J. Chem. Phys. 11, 1, 227 (1943); 13, 
101 (1945). 
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portion of the density—log intensity curve, thus yielding 
greater accuracy. 

The melting point of the DB sample was 158.5- 
158.7°C. Since it was a solid at room temperature, it was 
investigated in solution in both benzene and CC\, 
The infra-red records were obtained with a Beckman 
IR-2 recording spectrophotometer equipped with KBr 
optics. The region investigated was from 400 to 5000 
cm and the thickness of the absorbing layer was 
approximately 0.1 mm. 

The TM also was a solid at room temperature and 
was likewise investigated in solution in benzene and 
CCl,, and later in CS». The infra-red records for this 
compound were obtained by one of us (F.F.C.) in the 
Physics Department at Ohio State University during 
the summer of 1947, using a Beckman IR-2 recording 
spectrophotometer equipped with NaCl optics and 
covering the range 700-5000 cm. Here, too, the thick- 
ness of the absorbing layer was approximately 0.1 mm. 
Later, the spectrum was obtained (by J. E. L.) also with 
a Beckman IR-2 spectrophotometer equipped with 
KBr optics. 

The method of preparation, the purity, and the physi- 
cal properties of the TM sample were as follows:’ the 
sample was made from methyl magnesium chloride and 
2,3,3-trimethyl-2-chlorobutane (triptyl chloride). This 
method should preclude the presence of any impurity, 
except perhaps a trace of triptyl chloride or triptyl 
alcohol. Measurements indicated that the purity was 
99.93 mole percent. The freezing point was 100.63°C 
and the boiling point was 106.30°C. 


RESULTS 
2,3-Dibromo-2,3-dimethylbutane 


The Raman and infra-red data obtained for DB are 
compared with the previous Raman data obtained by 
Kahovec and Wagner? for the solid state in Table |, 

7G. Calingaert, private communication, August 8, 1944; also 


Calingaert, Soroos, Hnizda, and Shapiro, J. Am. Chem. Soc. 66, 
1389 (1944). 
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and the infra-red percent transmission curve is shown in 
Fig. 1. 

It seems significant that none of the infra-red absorp- 
tion bands, below the region of the C—H frequencies 
where the dispersion and resolving power is small, 
corresponds to a Raman line, with the exception of the 
doubtful 532 cm! Raman line. This indicates that the 
rule of mutual exclusion holds for this molecule, which 
in turn means that the molecule must have a center of 
symmetry. If this conclusion is correct, the orientation 
of the two ends of the molecule with respect to each 
other is such that the two Br atoms are as far apart as 
possible for rotation about the central C—C bond, and 
that the methyl groups have the proper orientation for a 
center of symmetry. 

Additional evidence in favor of a center of symmetry 
is the fact that the number of Raman lines observed for 
DB is less than is normal for a molecule containing 20 
atoms. For example, for 1-bromohexane (n-hexyl- 
bromide)—which contains 20 atoms and for which no 
center of symmetry is possible—32 Raman lines were 
observed,*® while for DB only 18 were found. Likewise, 
the number of observed infra-red bands also is less than 
is normal for a molecule containing 20 atoms, which 
implies the same conclusion. 

If a center of symmetry is present, the structure of the 
molecule is that corresponding to the point group Cop. 


Wave Numbers in cm- 


SUBSTITUTED ETHANES 
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For this structure, the selection rules predict 15 type 
A, fundamentals, polarized in the Raman, forbidden 
in the infra-red; 12 type B, fundamentals, depolarized 
in the Raman, forbidden in the infra-red; 13 type Ax 
fundamentals, forbidden in the Raman, parallel bands 
in the infra-red; and 14 type B, fundamentals, for- 
bidden in the Raman, perpendicular bands in the 
infra-red. 

It is thus clear that the presence of a center of sym- 
metry would severely restrict the number of vibrations 
observable in the Raman or in the infra-red spectrum. 
If all lines were resolved, there should be 15 polarized 
and 12 depolarized, or a total of 27, Raman lines corre- 
sponding to fundamental frequencies. Since only 18 
Raman lines, of which 7 were polarized and 3 were 
depolarized, were observed in the Raman spectrum, it 
is evident that several lines must be unresolved, or else 
so weak that they escaped observation. 

Only 11 infra-red bands were observed in the region 
below 3000 cm where the fundamentals are expected 
to appear, whereas 27 fundamentals are allowed by the 
selection rules. Some of the missing fundamentals could 
correspond to unresolved bands and some to very weak 
unobserved bands; others no doubt fall in the non- 
investigated region below 400 cm~'. 

For the similar 2,3-dichloro-2,3-dimethylbutane (DC) 
molecule, van Arkel and Snoek® found a dipole moment 



















































































Percent Transmission 











10000 5000 3000 2000 1500 1200 00 1000 900 800 700 
00 =) rT) (fl —1 * z A = 
60 as — os! \ 
‘d \| | A 
: |/ | 
20 4+ —-—-—+} -—— 
°9 ! 2 3 a Ss 6 7 8 0 i l2 13 14 is 
Wave Length in Microns 
Wave Numbers in cm-! 
700 650 600 550 500 450 400 
Diet n ri =—— : — “COMPOUND 
it og 2,3-Disromo- 
oil q | 2,3- DIME THYLBUTANE 
— eee ce ee ee ~ ‘SOURCE AND PURITY 
ETHYL CORR 


' ‘Wi 





} M. P158.5 - 158.7°C 





STATE SOLUTION 
TEMPERATURE ROOM 
CEL LENGTH O.IMM. 





20 \ 





SOLVENTS 
CCL, & BENZENE 
































LABORATORY 
ILLINOIS INST. 


OF TECHNOLOGY 























xe 
a 
a 


17 8 19 20 


2 22. 
Wave Length in Microns 


23 24 25 26 


Fic. 1. Infra-red percent transmission curve for 2,3-dibromo-2,3-dimethylbutane, 


Ny 


*E. A. Crigler, J. Am. Chem. Soc. 54, 4199 (1932). 


* A. E. van Arkel and J. L. Snoek, Zeits. f. physik. Chemie B18, 159 (1932). 
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TaBLe I. Raman and infra-red spectral data for 2,3-dibromo- 
2,3-dimethylbutane, (CH;)2BrC —CBr(CH;)2.* 











Raman Infra-Red 
Kahovec, Present results Present results 
Wagner** Solution Solution 
Solid CClh_ Benzene CCl, Benzene 
Av Ie Av Av p v v e 
178 179 100 0.51 The region below 
291 4 303 299 2 6A7 400 cm™ was not 
investigated. 
437 437 w 
(449) (449) vw 
(532) 5 532 532 vvs 
570 2 567 570 53 0.40 
607 607 w 
728 4 728 727 23—s «0.81 
aie 741 ow 
868 869 vs 
892 4 P 
935 3 P 
968 3 (966) 1 


1088 1090 vvs 
1109 4 1117. 1116 14 0.58 
1157 1160 vs 


1239 2 1240 1 
1297 1 
1374 1380 vs 
1390 §©90 1392 1 
1443 i 1430 2 
1442 one vs 
2728 00 2720 1 
2864 2868 10 0.54 
2925 3 2935 2933 21 0.07 2928 ote vs 
2984 3 2985 2982 8 


3009 3003 3} 0.95 








* Avy=Raman displacement in cm~!; J =semiquantitative relative in- 
tensities, Je =estimated relative intensities (s =strong, w =weak, v =very); 
p =depolarization factor; y =the wave number in cm™ corresponding to the 
maximum adsorption in the infra-red band; and P =apparently polarized, 
but too weak for quantitative measurement; and data in regard to which 
there is some uncertainty are enclosed in parentheses. 

** See reference 2. 

*** Bands covered by strong solvent bands. 


of zero in CCl, solution, but obtained a dipole moment 
of 1.35D. in benzene solution. This would imply a 
difference in structure in the two solvents. If DB be- 
haves similarly—as one would expect—differences in 
the spectra of the CCl, and benzene solutions should 
have been found. Examination of Table I shows that no 
more infra-red bands were obtained for the benzene 
than for the CCl, solution; and while 9 more Raman 
lines were obtained for the benzene than for the CCl, 
solution, all of the additional lines are weak and can be 
accounted for by the observed fact that the DB was 
about twice as soluble in benzene as in CCly. This is 
further borne out by the certainty that—whatever the 
structure in CCly—the 1430 cm-! C—H deformation 
line should have been present; its absence must surely 
be attributed to the smaller concentration in this 
solvent. Consequently, on the basis of the Raman and 
infra-red spectra, there does not appear to be a differ- 
ence in the structure of the DB molecule in the two 
solvents. 

If the DB has a center of symmetry, the dipole 
moment (for which we could find no value in the litera- 
ture) should be zero. To check this point, as well as 
the possibility of a difference in structure in the CCl, 
and benzene solutions, Professor Mizushima kindly 
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offered to measure the dipole moment of the two solu- 
tions used in our spectroscopic investigation. The dipole 
moment obtained!® for the DB in the CCl, solution was 
1.01D. and the corresponding value in benzene solution 
was 1.20D., both at 25°C. Previously, Mizushima, 
Morino, and Higasi!! had measured the dipole moment 
of 1,2-dibromoethane (DBE) in the same solvents and 
had obtained 0.86D. in the CCl, solution and 1.18D. in 
the benzene solution, both at 20°C. From this they 


TABLE II. Raman and infra-red spectral data for 2,2,3,3-tetra- 
methylbutane (hexamethylethane), (CH;)3C —C(CHs)3.* 











Raman Infra-Red 
Present results O.R. S.D.C. Present results 
(solution) (gas) (solution) (solution) 
Av I p v Ie y e v le 
385 33 0.88 The region below 
481 26 400 cm™ has not 
647 80 0.10 been investigated. 
679 vw 
735 ow 
788 vw 
796 m 797 : 6 795 m 
808 vw 803 w 
819 8 0.93 
(844) vw 
876 16 0.44 870 O 
892 0 
923 20 0.51 
931 m 932 4 928 m 
999 m 997 3 997 w 
1005 1 
1044 3 1040 «61 
1068 2 
1184 vs 1180 10 1182 vvs 
1238 20 0.74 (1235) 0 
1258 8 0.93 
1315 vw 
1371 1 1373 a 
1389 2 1380 vs 1383 10 1376 vvs 
1449 18 0.77 a 1468 
1475 86 087 1477 w 1477 10 1472 vvs 
(1631) 0 
1718 3 
1828 1 
1965 0 
2034 w 2035 1 
2160 0 
2286 vw 2295 1 
2392 vw 2410 1 
2555 O 
2614 w (2645) 0 
2731 w 2740 «61 2738 w 
2879 23 0.40 
2911 63 0.29 
2936 53 0.52 2938 s 2970 10 2924 vvs 
2957 oh 0.50 
2972 86) ~° 
3226 m 3205 2 3203 w 
3367 vw (3335) 0 
3455 w (3415) 0 
**3610 w 
3871 w 3860 0 
4153 m 4310} 3 4155 w 
4323 Em 4310 4377 w 
5967 g vw 5814. w 








*O.R.=Oetjen and Randall, reference 3; S.D.C. =Shell Development 
Company, reference 4; s =strong, m =medium, vw =very weak; other sym- 
bols same as in Table I. 

** “Probably due to impurity in sodium chloride prism.”’ 


10 Mizushima, Morino, and Miyagawa, private communication, 
February 28, 1950. 
1 Mizushima, Morino, and Higasi, Physik. Zeits. 35, 905 (1934). 
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concluded that the DBE existed in both the ¢rans- (with 
center of symmetry) and gauche (120° rotation from 
trans position about the C—C bond) forms. Since the 
dipole moment of DB is not much different from that of 
the DBE, Mizushima, Morino, and Miyagawa conclude 
that—so far as the dipole moment is concerned—the 
DB molecule also seems to exist in both the ¢rans- and 
gauche forms. 

The spectroscopic data, on the other hand, can—as 
has been shown above—be interpreted on the basis of 
the existence of the ‘rans- form alone. The number of 
lines observed for DB does not seem sufficient to indi- 
cate two forms for this molecule, since only 8 Raman 
lines were observed below 1100 cm-! for DB, whereas 17 
were observed in this region for the DBE.” It is, of 
course, possible that some of the Raman or infra-red 
bands may have been so weak as to escape observation. 
But if the gauche form does exist, coincident Raman and 
infra-red bands would be allowed by the selection rules, 
and—unless the concentration of this form is very small 
—it seems that at least some of the gauche bands should 
have been strong enough to have been observed as 
coincident Raman and infra-red bands. (The doubtful 
532 cm-! band might be such a coincidence, but this 
seems doubtful in view of the large intensity of the 
infra-red band.) 





"See Ta-You Wu, Vibrational Spectra and Structure of Poly- 
atomic Molecules (Edwards Brothers, Ann Arbor, Michigan, 1946), 
2nd edition, 306-312. 





The observed dipole moment of 1.01D.—obtained in 
the CCl, solution—can be explained by assuming that 
all of the molecules are oscillating with harmonic mo- 
tion and with equal amplitudes of 48° about the 
equilibrium érans- position. This result was obtained 
from the time average of the square of the dipole 
moment, namely 


1T 
y? = 16(u,2/T) f sin’3[Bm sin(2e/T)t dt, 
0 


where yu is the magnitude of the observed dipole mo- 
ment, uy is the component perpendicular to the central 
C—C axis of the —CBr(CHs)2 group moment, T is the 
period of oscillation of one group relative to the other 
about the central C—C axis, 6,, is the maximum angular 
displacement from the equilibrium /rans- (8=0) con- 
figuration, and ¢ is the time; B=8,, sin(2x/T)t=0 
when ‘=0." The value used for the C— Br and C—CH; 
bond moments were —1.5 and +0.4D., respectively, 
and the value obtained for u» was 1.79D. The moment 
obtained in CCl, solution was used, rather than that 
obtained in benzene solution, because abnormally large 
values are frequently obtained for the dipole moment 
of halogen compounds in benzene solution.’ The in- 
tegral was evaluated by numerical integration. 

13 See R. J. W. Le Feévre, Dipole Moments (Methuen and 
Company, Ltd., London or John Wiley and Sons, Inc., New York, 


1948), 2nd Edition, p. 89. 
14 See reference 13, p. 102. 
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The dipole moment data, like the spectroscopic 
results, give no indication of a difference in structure in 
the CCl, and benzene solutions, which suggests the 
desirability of repeating the dipole moment measure- 
ments for the DC molecule in CCl, solution. The dipole 
moment for DB is 0:19D. less for the CCl, than for the 
benzene solution. For DBE it is also less in the CCl, 
solution by 0.32D.™ 


2,2,3,3-Tetramethylbutane (Hexamethylethane) 


The Raman and infra-red spectral data for the TM 
molecule are given in Table II, and the infra-red percent 
transmission curve is shown in Fig. 2. For this molecule, 
22 Raman lines were observed, as compared with 18 for 
DB. This is consistent with the fact that TM, contain- 
ing more atoms, has 72 fundamental vibrations, as com- 
pared with 54 or DB. Here again the number of ob- 
served Raman lines is so small that a center of sym- 
metry can be suspected. This suspicion is borne out by 
the fact that again, except for the C—H frequencies 
near 1450 and 2925 cm™ where several unresolved 
lines may exist, the Raman and infra-red bands do not 
coincide. 

If a center of symmetry does exist, the structure of 
the molecule is that corresponding to the point group 
Dsa. For this structure, the selection rules allow 8A1, 
fundamentals, polarized in the Raman, forbidden in the 
infra-red ; 5A,, and 4A 2, forbidden in both Raman and 
infra-red ; 7A2,, forbidden in the Raman, parallel bands 
in the infra-red; 12E,, depolarized in the Raman, 
forbidden in the infra-red; and 12£,, forbidden in the 
Raman, perpendicular bands in the infra-red. 

Consequently, if the center of symmetry exists and if 
all lines are resolved, one would expect to observe 8 
polarized and 12 depolarized Raman lines (a total of 20) 
and 19 infra-red bands corresponding to fundamentals. 


CLEVELAND, LAMPORT, 





AND MITCHELL 


We observed 22 Raman lines, of which 8 were polarized 
and 5 depolarized, which is in reasonably good agree- 
ment with this expectation. A similar comparison for the 
infra-red bands cannot be made since the region below 
400 cm has not been investigated. 

The existence of a center of symmetry for 7M is 
further borne out by the electron diffraction data! 
which favor this structure. The dipole moment data 
are not as decisive for 7M as for DB, since in the former 
the contribution of the carbon skeleton to the moment 
would be zero for any rotational isomer. However, the 
moment arising from the H atoms would be zero only if 
their orientations are such that a center of symmetry is 
present. The observed dipole moment" is only 0.1D., 
which is small enough to be consistent with the presence 
of a center of symmetry. 
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16S. H. Bauer and J. Y. Beach, J. Am. Chem. Soc. 64, 1142 
(1942). 
6 L. Tiganik, Zeits. f. physik. Chemie B13, 425 (1931). 
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The isotopic composition of the products of the controlled thermal decomposition of ammonium nitrate 
has been studied. It has been found that small amounts of water are necessary to initiate the decomposition 
of ammonium nitrate. N'*H,NO; has been found to yield exclusively the isomer N'*N“O. Some inferences 
are drawn from this observation regarding the mechanism of the reaction. 

Oxygen and nitrogen isotope effects accompanying the decomposition have been studied with material 
of “natural” isotopic composition. Satisfactory agreement is found between the experimental results and 


theoretical calculations. 


A method for the isotopic analysis of nitrates for O'* is outlined. 





I. INTRODUCTION 


S part of a program aimed at studying the effect 

of isotopic substitution on chemical equilibria 
and the rates of chemical reactions, we have investi- 
gated the decomposition of ammonium nitrate for 
nitrogen and oxygen isotope effects both during the 
course of the reaction and at complete decomposition. 
In the course of our work we have made some observa- 
tions which are pertinent to the mechanism of the 
decomposition. We have prepared a sample of NO 
containing enriched N" in the end position exclusively. 
In view of the current status of the analysis of the 
vibrational spectrum of N.O,! we have investigated the 
infrared spectrum of N'*N“O". A similar and concur- 
rent investigation of the infra-red spectrum has been 
carried out by Richardson and Wilson.? At present we 
are studying the infra-red spectrum of N“NO", and 
the results of the spectroscopic study of these two 
isomers as well as their thermodynamic properties will 
be communicated shortly. The results of the study of 
the isotope effects accompanying the decomposition 
are presented in this paper. 


II. DECOMPOSITION OF NH,NO; 


The decomposition of ammonium nitrate has been 
investigated repeatedly.’ In the temperature region 
between 180-300°C pure molten ammonium nitrate 
decomposes according to the equation 


We wish to record here an observation which has not 
been described previously. A three-gram sample of J. T. 
Baker’s ““C.P. Analyzed” NH,NO; was put into a 
glass apparatus shown schematically in Fig. 1. The 
sample was held at approximately 150°C and pumped 
overnight by the mercury diffusion pump. The system 


* Research carried out under the auspices of the AEC. 

'See G. Herzberg, Infrared and Raman of Polyatomic Molecules 
(D. Van Nostrand Company, Inc., New York, 1945), p. 174. 

* W. S. Richardson and E. B. Wilson, Jr., J. Chem. Phys. 18, 
694 (1950). 

®See (a) H. L. Saunders, J. Chem. Soc. 121, 698 (1922); (b) 
M. S. Shah and T. M. Oza, ibid. 725 (1932); (c) W. Kretzschmar, 
Zeits. f. anorg. u. allgem. Chemie 219, 17 (1934); (d) H. Tramm 
and H. Velde, Angew. Chem. 47, 782 (1934). 
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closed off from the pump was capable of maintaining a 
vacuum of better than 10~° mm over a period of hours. 
During the pumping operation all of the ammonium 
nitrate sublimed to the cool portion of the tube above 
the furnace. The furnace was then raised and the tem- 
perature gradually increased over a period of hours to 
about 300°C. There was no decomposition detectable 
manometrically with the reservoir bulbs shut off from 
the system. The furnace was removed and a small 
amount of water vapor was admitted to the system. 
The furnace was then replaced around the tube contain- 
ing the NH,NO; and the decomposition commenced 
at about 180°C. The experiment was completely re- 
producible, and we find that ammonium nitrate which 
has been thoroughly dried does not decompose up to 
300°C. A similar experiment was tried using dry NO. 
The N,O sufficed to prevent sublimation but did not 
induce the decomposition. 

A qualitative experiment was carried out to deter- 
mine the role of the water in initiating the reaction. 
A small amount (4 cc at N.T.P.) of water vapor con- 
taining 1.5 percent H,O" was used to initiate the de- 
composition of a three-gram sample of NH,NO3. The 
reaction was continued until about 4 cc of NO were 
produced. The N2,O was examined mass spectromet- 
rically and the O8/Q" ratio was within 0.3 percent of 
that found in NO samples obtained from the decom- 
position initiated by ordinary water. From this we con- 
clude that the water does not enter into reactions which 
lead directly to the formation of N.O. 

Apart from our observations on the catalytic effect 
of water, our experimental results on the decomposition 
are in agreement with those of Kretzschmar.* In our 
experiments the water from the decomposition was 
removed in trap A, which was cooled to —80°C after 
the decomposition had been initiated by the addition 
of small amounts of water. The gas, non-condensable 
at —80°C, was 98 percent N.O; the remainder was 
Nz and may have contained some Oy. 

Kummer* has reported some isotopic analyses of 
nitrogen produced by the reduction of N,O, formed 
from the decomposition of 62 percent N“H,4NOs;, by 


4J. T. Kummer, J. Am. Chem. Soc. 69, 2559 (1947), 
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iron at room temperature. Kummer finds 0.35 percent 
NN" in the nitrogen as against the expected 0.24 
percent if the ammonium ion reacted with the nitrate 
ion by an N—N bond formation. If the NO were 
formed from some intermediate such as nitroxyl, Eqs. 
(3a) and (4a) below, the nitrogen analyzed by Kummer 
would contain 9.6 percent NN, which figure would 
also be expected for any mechanism in which the 
ammonium and nitrate nitrogen atoms become ran- 
domly mixed. His results therefore rule out the possi- 
bility that N,O is formed by an oxidation-reduction 
mechanism of the type 


NH,«t+NO;—>NH;0Ht+NO-z, (2) 
NH;OH*t++ NO;—2NOH-+H:0, (3a) 
2NOH—N:;0-+H:0, (4a) 


but they furnish no evidence for or against an alterna- 
tive oxidation-reduction mechanism proceeding through 
hyponitrous acid. 


NH;OH++ NO;—>H2N.02+ HO (3b) 
H2N20.—-N.O+ H.O. (4b) 


The production of NO from hyponitrous acid predicts 
equal amounts of the isomers N“N“O and N“NO, 
apart from small isotope effects, unless one postulates 
an unsymmetrical structure for hyponitrous acid. Most 
of the evidence points to the structure HONNOH for 
this acid.*® 

From Kummer’s experiment it is not possible to 
determine which of the isomers NN“O"* or N4¥N¥O 
or whether a mixture of these isomers is formed from 
the decomposition of N'*H,N“O3. By means of micro- 
wave spectroscopy, Richardson and Wilson® have es- 
tablished that N'°N“O" is formed from the decomposi- 
tion of NH,N“O;. We have also established this fact 
independently with the mass spectrometer. A sample of 





TO MANOMETER 





NHgNOy 








FURNACE 


Fic. 1. Vacuum line for the decomposition of 
ammonium nitrate (schematic). 


5 FE. C. E. Hunter and J. R. Partington, J. Chem. Soc. 309 (1933). 
6 A. Hantzsch, Ber. 66, 1555 (1933). 


L. FRIEDMAN AND J. 





BIGELEISEN 


N.O was prepared from NH,NO; containing 7.5 per- 
cent N* in the NH, ion. The N*H,NO; was obtained 
from the Eastman Kodak Company. A 2.4-gram sample 
was decomposed after thorough evacuation drying and 
then the addition of trace amounts of water. The N.O 
was collected and analyzed mass spectrometrically in a 
Consolidated-Nier “Isotope Ratio” mass spectrometer. 
The results of the analyses are given in Table I. 

If the isomer N*®*N“O* is produced then the intensity 
ratio of 31/30, corresponding to the NOt ions, should 
be that due to normal N and O" isotopic abundance or 
0.0042.7 On the other hand, if the isomer N4*N“O" is 
produced, then the 31/30 ratio for this experiment 
should be 0.0830. If a mixture of the two isotopic 
isomers is formed, the the 31/30 ratio will measure their 
relative abundances. The possibility of rearrangement 
on electron impact in the mass spectrometer may give 
a value intermediate between 0.0042 and the 45/44 
ratio corrected for the presence of two N atoms in N.O, 
even if an authentic sample of N'°=N“O" were analyzed. 
However, fortunately such rearrangements appear to be 
uncommon and, where they do occur, they are usually 
less than 10 percent of the more normal simple rupture 
of chemical bonds by electron impact. It is clear from 
the data in Table I that our sample contains less than 
seven percent of the N'® from the NH;* in the form of 
the isomer NNO", The fact that the 31/30 ratio is 
0.010 rather than 0.0042 may be due either to produc- 
tion of NNO in the course of the decomposition re- 
action or to production of NOt ions from NNO by 
electron impact or a combination of both. Richardson 
and Wilson? have shown by microwave spectroscopy 
that no N“N#O above that expected from the normal 
abundance of N° in nitrate is formed in the decomposi- 
tion of N“*H,N“O3. Therefore we infer that there is a 
seven percent rearrangement on electron impact. 

Our results, as well as those of Kummer‘ and Richard- 
son and Wilson,’ lead us to suggest that the decomposi- 
tion of ammonium nitrate proceeds by a dehydration 
mechanism : 


NH;*+NO;-——H.N—NO.+H.0, (5) 
O 
WA 
H.N—NO.@HN=NO.-+Ht@HN=N , (6) 
* 
OH 
O 
VA Basic _ 


or 
% Acid catalysis 
OH 


Reactions (6) and (7) are the mechanisms which have 


t This value is calculated from the data in Table II, the 
“natural” abundance of O", and an average value for certain 
instrumental factors. 
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NHsNO; DECOMPOSITION 


been proposed to explain the acidic’ and basic® catalysis 
in the decomposition of nitramide. From our analyses 
of the N2O formed from the decomposition of N'"H,N“O; 
and Kummer’s analysis of the Nz formed on reduction 
we conclude that the N—N bond is not broken in the 
adsorption and reduction of N.O on catalytic iron at 
room temperature. 


Ill. N“ AND O* ISOTOPE EFFECTS IN THE 
DECOMPOSITION OF NH,O;. THE ISOTOPIC 
COMPOSITION OF NH,NO; 


A. Experimental 


Prior to measurement of the O isotope effect on the 
decomposition, we have reinvestigated and extended the 
exchange study of oxygen between N:O and water. 
Previous investigation by density measurements on 
water slightly enriched in O8 showed no exchange 
between N2O and water in 14 days at 20°C.° Our experi- 
ments were carried out with 1.5 percent H,O" and the 
N,O was analyzed mass spectrometrically. We find 
0.26 percent exchange in three days at 24+1°C be- 
tween N2O gas and liquid water. At 195+.2°C we find 
0.68 percent exchange in 22 hours between water vapor 
at a partial pressure of 0.8 atmospheres and N,O at a 
partial pressure of 0.0017 atmospheres. Thus the ex- 
change between NO and water is negligible under the 
conditions of our experiments. 

It is not surprising that NO exchanges slowly with 
water. Solutions of N,O in water show no acidic 
properties’? despite the fact that N2O is the stoichiom- 
etric anhydride of hyponitrous acid and is formed from 
the decomposition of the latter. Furthermore, N2O is 
salted out of water by all electrolytes, including bases, 
except nitric acid.!°" 

The decomposition reactions were carried out by the 
method described in Section II. The decomposition 
temperature was 220°+ 20°C. Temperature control was 
difficult because of the large heat evolved in the reaction. 
The N.O formed after one percent decomposition was 
collected in a bulb. The reaction was then carried to 
completion and the NO and water were separated 
continuously by cold traps. The N.O was purified by 
the use of cold traps from the small amounts of nitrogen 
and oxygen that arise from side reactions and analyzed 
as N»O. The water was equilibrated with CO, and 
analyzed according to the method described by Cohn 
and Urey.” It does not seem feasible to obtain and 
analyze the water at one percent decomposition. Each 
sample was analyzed at least three times in a Consoli- 





11935) A. Marlies and V. K. La Mer, J. Am. Chem. Soc. 57, 1812 
5). 

°K. J. Pederson, J. Phys. Chem. 38, 581 (1934). 

* Winter, Carlton, and Briscoe, J. Chem. Soc. 131 (1940). 

0G. Geffcken, Zeits. f. physik. Chem. 49, 301 (1904). 

“G. Lunge, Ber. 14, 2188 (1881), W. Knopp, Zeits. f. physik. 
Chem. 48, 97 (1904) ; W. Manchot, M. Johrstorfer and H. Zepter, 
Zeits. f. anorg. Chemie 141, 45 (1924). 
® M. Cohn and H. C. Urey, J. Am. Chem. Soc. 60, 679 (1938). 
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TABLE I. Analysis of NO prepared from 7.5 percent N**H,N“O3. 











Peak ratio measured Ion Ratio 
45/44 N;Ot 0.0869 
31/30 NOt 0.010 
29/28 N;* 0.081 








dated-Nier “Isotope Ratio” mass spectrometer. The 
reproducibility of the analyses was better than 0.3 
percent of the ratio measured. 

The Consolidated-Nier ‘Isotope Ratio” mass spec- 
trometer is a dual collector instrument and is used to 
measure isotope ratios directly. In the analysis for N® 
in NO, measurements can be made by measuring the 
45/44 ratio directly. Analysis for O'* in either N2O or 
CO, can be made by measuring the 46/44+45 ratio 
and correcting for the 45/44 ratio. The intercomparison 
of samples with nearly identical isotopic composition 
can be made with little error by comparison of the 
directly determined ratios. Samples of widely different 
isotopic composition were compared only after correc- 
tion for incomplete resolution on the isotopic peaks of 
45 and 46 from the normal peak at 44.and the relative 
efficiencies of collection and amplification through the 
two collectors. The intercomparison between O'*/O" 
in N2O and CO; is made here after direct experimental 
determination of these factors. No correction need be 
made for a possible mass discrimination effect because 
both O'8/O"* ratios are derived from 46/44 ratios. The 
intercomparison between N,O samples for 45/44 and 
46/44+-45 is made from the uncorrected ratios. The 
resolution corrections and collector efficiencies remained 
constant during the determination of these uncorrected 
ratios. This was demonstrated by the reproducibility 
of the measurements and alternate measurements of 
standard samples of N2O and COs. 

The ratio of O'8/O" in NO is given by Eq. (8). 


oO!8 N4N¥4O8-+ NUN4O!8-+- NUN HOB + NENHO!8 
ow - NYN4O'+NUENHO 6+ NYNYO6+NUENHO! 





N'¥4NO!8 


~ NENMOI. (8) 


The experimentally determined 46/(44+45) and 45/44 
ratios are given by Eqs. (9) and (10). 


46 N'4N#018-+- NU N4O!7-+- NUN 1O!7-+- NUN O16 
44+ 45 + N¥NHO16+- N§N¥4O16+- N'4N4O!6+- N“NuOI” 
(9) 





N»}N4O!6+- N'4N40!6+- N'¥4N4O" 
NYUNYO!S 





45/44 = (10) 


For samples containing O" close to natural abundance 
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TaBLE II. Isotopic analysis of N20 and H;0 formed in the decomposition of ammonium nitrate. 











Sample analyzed Ratio reported Sample No. 1 Sample No. 2 Sample No. 3 Sample No. 4 

Tank CO, C#2060'8/C20,"* Corrected  422.440.3X10-§  422.0+0.5K10-5 

CO, from H:0 C20¥0!8/C20,.'6 Corrected 432.740.6X10-5  431.8+0.4x10-5 

equilibration 

eee. NNmeCorrected 212.6-+0.2X10- 212.540.5X10-5 

“aes NaNToncorrected 213.5-+0.2X 10-5 

N20 & 46/44+-45 Uncorrected 232.7+0.5X 10-5 

N20 bo 46/44+-45 Uncorrected 233.840.4105 

N.0 & 45/44 Uncorrected 875.022.7X10-§ 866.5+0.3x10- 
N20 t. 45/44 Uncorrected 880.84+1.0K10-5 873.4+0.5x 10-5 


(«)../ (a), 
(a)../ (a). 


(H,0"*/H,0")i., 


=) Gi) 
N,O' H,0'*/7,, 








208.0+0.3 X 10-5 


1.022+0.003 


1.007+0.004 1.008+0.001 


0.9953+0.003 1.0047+0.004 
207.6+0.2X 10-5 


1.024+0.003 








we get from Eqs. (9) and (10) 

N'4N“O'8 = 46 45 

a re 2 
1/45 . 


—-(——0.0004 
4\44 





45 
—(0.0004)—- (11) 
44 


For the analysis of water by the equilibration method of 
Cohn and Urey” we need the ratio C?O"08/C2Q"0' 
and the equilibrium constant for the reaction 


C®O#*0"*(g)+-H20!8(/) = C”O¥0O!8(g)-+H20*(/). (12) 


For CO, with both C® and O” close to natural abun- 
dance the ratio C?O"*0!8/C”O0" is given by Eq. (13). 


CXOKO's 46 (: 45 
Crowors 44445\ 44 





45 
— (0.0008)—— (0.0004). (13) 
44 


The samples of water and CO: were equilibrated at 
24°C and the equilibrium constant (12) was taken as 
2X (1.040).2-"4 

The results of the analysis are given in Table II. 
The reproducibility of the analysis between the different 
samples was better than 0.3 percent of the ratio. 
None of the ratios reported should be considered abso- 
lute ratios because of an undetermined mass discrimina- 


% Weber, Wahl, and Urey, J. Chem. Phys. 3, 129 (1935). 
4H. C. Urey, J. Chem. Soc. 562 (1947). 


tion effect. There is a fortuitous agreement between our 
46/44 ratio for tank COs and Thode’s" results for CO, 
equilibrated with Lake Ontario water (422+1X10-). 
From the analysis of samples 2 and 3 we conclude that 
the O8 content of the N2O does not change by more 
than one-half of one percent during the course of the 
decomposition. Thus the isotopic analysis of any sample 
of N.O from the decomposition of NHsNO; can be 
used to analyze nitrates for O'%. In most cases it might 
be preferable to analyze nitrates by analysis of the 
water formed in the decomposition because the pre- 
cision of CO, analysis is in general better than N.0 
analyses and NO pumps out of the mass spectrometer 
extremely slowly. Samples of N2O with abnormal iso- 
topic composition will introduce a memory effect 
because of the latter fact. 

From the CO, and N,O analyses performed on 
samples 1 and 2, the fact that tank CO, is in equilibrium 
with fresh water,” and the stoichiometry of Eq. (1), 
we can compare the O content of our ammonium 
nitrate sample with that of fresh water. We get as the 
average of these two samples the ratio of O'* to O" in 
ammonium nitrate compared to the similar ratio in 
fresh water 3X (1.0320.003). The ammonium nitrate 
used in this investigation is reported to be entirely of 
synthetic origin. Synthetic nitrates have most of their 


16 H. G. Thode, Report No. MC-57, National Research Council 
of Canada. McMaster University, Hamilton, Ontario (April 29, 
1944). Also reported by K. T. Bainbridge to the Seventh Inter- 
national Solvay Congress on Chemistry. R. Stoops, Editor, 
Rapports et Discussions sur Les Isotopes (Brussells, 1948), p. 84. 

16 Private communication from Dr. J. R. Stevens, J. T. Baker 
Chemical Co. 
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NH.«NO; DECOMPOSITION 


oxygen derived from atmospheric oxygen, which Dole!” 
has shown to be enriched in O'* over fresh water by 
1.030. This is very close to the enrichment found in our 
nitrate sample. In view of the fact that nitrates do not 
exchange oxygen with water'® we conclude that the 
fractionation in the catalytic synthesis of nitrates is 
small. Detailed calculations would require more exten- 
sive knowledge than is available of the actual processes 
in the synthesis plants. 

In the intercomparison of the abundance of O' in 
nitrous oxide and water formed from the decomposi- 
tion of ammonium nitrate as determined from N,O'*/ 
N20" and CO*0!8/CO,'* respectively we have made the 
tacit assumption that if there is any isotope effect in 
the production of the parent ions by electron impact in 
the mass spectrometer it is the same in both cases. A 
theoretical estimate of the magnitude of this effect, 
based on the assumption that there is no isotope effect 
on the total ions produced by electron impact and a 
five percent O!8 isotope effect on bond rupture, indicates 
that the O'8/O" ratio in N2O may be too high by as 
much as one percent. Therefore the assumption with 
regard to equal isotope effect on the production of the 
parent ions N,O+ and CO,* was investigated experi- 
mentally. From the data in Table II we find that 
the ratio of (N2O"*)/(N,O"):../(H,O"*)/(H,O"*) fe" is 
1.047+-0.003. This ratio is based on the N2O and tank 
CO, analyses, the equilibrium constant Ky2, and the 
assumption of no difference in the electron impact 
isotope effect on the parent ions NOt and CO,t. A 
sample of N2O was decomposed completely to nitrogen 
and oxygen in a quartz vessel at 1000°K. The O* in 
the oxygen was compared with the O content of 
atmospheric oxygen by measurement of 34/32+33 
ratios. As a result of this intercomparison and Dole’s 
determination of the relative abundance O' in at- 
mospheric oxygen and fresh water by density measure- 
ments,” we get (N20**)/(N20") t./(H20")/(H20") ster 
is equal to 1.045+0.003. The agreement for this ratio 
as determined by the latter method, which is inde- 
pendent of the equilibrium constant Ky. and the as- 
sumption concerning isotope effects in the production 
of parent ions, with the ratio calculated from Table II 
is within the limit of our experimental errors and the 
uncertainty in Ky». For the parent ions N,O+ and CO,+ 
we may therefore neglect any difference in the ratios 
N,08/N20" and CO"O!*/CO," arising from isotope 
effects on electron impact. The agreement of the inter- 
comparison of O"* in nitrous oxide and fresh water by 
these two methods serves as a good check on the 
reliability of the data in Table II. 


B. Theoretical 


The experimental results on the nitrogen isotope 
effect cannot be interpreted unambiguously. The 





“M. Dole, Science 109, 77 (1949). 
(1940) F. Hall, and O. R. Alexander, J. Am. Chem. Soc. 62, 3455 
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nitrogen isotope effect measured at small amounts of 
reaction is an undetermined combination of two effects: 
N§ substitution in the ammonium ion and N® substi- 
tution in the nitrate ion. The effect of N'® substitution 
in each ion has yet to be determined. For this reason, 
as well as the fact that our knowledge of the mechanism 
and the kinetics of the decomposition reaction is 
meager, no calculations of the nitrogen isotope effect 
have as yet been carried out. 

In spite of the limitations of our knowledge of the 
mechanism and kinetics of the decomposition, some 
interesting predictions can be made about the oxygen 
isotope effects from some rather general models of the 
activated complex and the mechanism of the reaction. 
For the purpose of the calculations we assume that the 
reaction proceeds by the successive elimination of two 
molecules of. water from one ammonium ion and one 
nitrate ion. The intermediate chemical species may be 
nitramide or some other substance. The oxygen bound 
to the nitrogen is assumed to be in the form of a nitro 
group. This mechanism is consistent with our results 
on the decomposition of N'™H,NO;. The following 
equations are assumed for the purpose of calculation 


NH,++NO;'-—>NH:NO,"+H,0", — (14) 
NH;+-+NO,"°0'"*->NH;NO;"+H,0%, (15) 
NH,t++NO,"0'*-—>NH:NO"0"+H,0", (16) 


NH.NO,"—-N,0*+ H,0*, (17) 
NH:.NO*O!8—N,0*+ H,0*, (18) 
NH,NO*O—N,0'8+ H,0*. (19) 


We shall assume that the nitramide or analogous 
intermediate formed in reactions (14)-(16) is present 
in a steady state concentration. With this assumption 
and the further assumption that the contributions of 
reactions (16) and (19) to the total amount of H,O" 
can be calculated without regard to isotope effects 
(they contribute a small fraction of the total H,O” 
formed), and a similar assumption with regard to the 
production of N,O" from NO,'*O'*, we find 


SH. <a 
N,O'* ty kisthis Rist+hig 


























= , (20) 
Ga. oe 
H,0'*7 », Risthis Ristkic/ \ Rist hig 
and 

N.O'8 
N20"*7 4, Rist Ris 
in (21) 
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TABLE III. Distribution of O8 between NO and H.O 
in the decomposition of ammonium nitrate. 


va) / <on) 
(Nuon boo (Ron to 











Model A 1.034 
Model B 1.026 
Experimental 1.023+0.003 








The general theory of the effect of isotopic substitu- 
tion on the rates of chemical reactions!'® leads to the 
relation 


ky S1Sof =(~) 


ke sosit Ke m,* 





3n—6 


x(i+ pS G(u;) (usc) — Uicay) 


3n’/—6 


} ® G(uit)(uimt—uiat)] (22) 


for the ratio of the rate constants of two isotopic 
molecules.”° In the comparison of ky with ys and ky 
with kis respectively it is to be noted that #15) =u) 
and 413) =4ici9). This leads to the ratios necessary for 
the evaluation of Eqs. (20) and (21). 


kis mi5*\ 3 i=21 
—-2/ ) [1— :» G(uit)15, 16(Uic1e)$—Micas)t) ] (23) 


* 
16 








Rig my3*\* t=12 
-( ) (1— © G(wid)18, 19(wiamt—uiast)] (24) 


kis Mig t 
ku mis* ; 
—— 

Ris mr4* 


ib 
x1 +. G(u;) 14, 15(Mi(14) — Uicasy) 





i=21 


a p> G(uit)14,15(iagt—uiast)]. (25) 


The factors 2 and 3 in Eqs. (23) and (25) respectively 
arise from symmetry considerations. In accord with 
the previous discussion we take K;/K2 equal to unity.’ 

We now consider the implications of the fact that the 
oxygen content of the N»O is the same at one percent 
decomposition as it is at complete decomposition. 
We use Eqs. (23) and (25) to evaluate the right-hand 
side of Eq. (21). All the factors G(u,t) are the same and 


19 J. Bigeleisen, J. Chem. Phys. 17, 675 (1949). 
20 See Eq. 8(a) reference 19. 
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we arrive at the empirical relation 


i=21 


DY Gust) (uiayt—juiant— Zuiaet) 


i 





in my*\ 3 
—L G(u;)(uiaa — Uicas)) =0.333— a( ) - (26) 
; my5* 


7 


The term m4*!/m,* is less than unity and has been 
calculated for two models. In model A we simply use 
the reduced masses” of N“O' and N“O!* for Eqs. (14) 
and (15) respectively. In model B we assume not only 
that one of the N—O bonds is ruptured but a water 
molecule is formed as the activated complex decom- 
poses. This gives for the right-hand side of Eq. (26) 
0.009+-0.005 and 0.007+0.005 for models A and B 
respectively. 

The empirical Eq. (26) leads to the conclusion, which 
is valid for any model, that the activated complex in the 
elimination of water from nitrate ion has some oxygen 
vibrations which are of higher frequency than the oxy- 
gen vibrations in nitrate ion. This can be readily under- 
stood if we suppose that one oxygen is loosely bound in 
the activated complex and at a greater distance from 
the nitrogen atom than the other two. From chemical 
considerations we would expect the effect of isotopic 
oxygen substitution on the difference between the free 
energy function for the activated complex and the free 
energy function for the nitrate ions to be similar to the 
difference in the free energy function of CO, and 
CO;= on substitution of O' for O'% At 500°K this 
difference is 0.013." This value for the left-hand side 
of Eq. (26) is in satisfactory agreement with the values 
calculated for the right hand side. 

For the evaluation of Eq. (20) we must know the 
differences in the vibrational frequencies of activated 
complexes which differ from one another only in that 
they are isotopic isomers. We would expect this effect 
on the free energy function to be smaller than the free 
energy function which arises from direct isotopic sub- 
stitution. We have seen from Eq. (26) that the latter 
is small, which is to be expected for competitive re- 
actions involving oxygen isotopes at 500°K. As a first 
approximation we shall evaluate Eq. (20) by neglecting 
the contributions of the free energy functions to Eqs. 
(23) and (24). The results for the two models discussed 
above are compared with experiment in Table III. 
The agreement between theory and _ experiment 
is within the limit of the approximations made in 
2G(uit) (uit —uiayt) and 2,G(uit)(wiat—uicasf) in 
Eq. (23) and (24) respectively. 

It is clear from the calculations presented and their 
agreement with experiment that the principal factor 


*N. B. Slater, Proc. Roy. Soc. 194, 112 (1948). 
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contributing to the preference of O'* for NO over H,O 
in the decomposition of ammonium nitrate is the greater 
frequency of rupture of N—O" bonds than N—O® 
bonds. In accord with theoretical expectations we find 
that there is little isotope effect on the equilibrium 
between the substrate and activated complex at 
500°K. 
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The ultrasonic velocities of sound at 12 mc in 12 pure liquid metals at their melting points under atmos- 
pheric pressure and in 4 equi-atomic liquid metallic mixtures have been determined by the use of the elec- 


tronic pulse-circuit technique. 


For the pure metals the adiabatic and isothermal compressibilities have been computed. The compressi- 
bilities were generally found to be somewhat larger than for the corresponding solids at room temperatures. 
A calculation of Griineisen’s y for the liquid metals shows that this quantity, in the case of normal metals, 
does not change appreciably on going from the solid state at room temperature to the liquid at moderately 
elevated temperature. These facts support the familiar view that the liquid metals at temperatures not far 
above their melting points are in a “solid like” state, and that equations of state for the solid state may be 


applicable to such liquids. 


INTRODUCTION 


N view of the experimental difficulties associated with 
the measurement of isothermal compressibilities at 
elevated temperatures, it is not surprising that such 
data are not generally available for liquid metals. How- 
ever, the well-known relationship between velocity of 
sound u, density, p, and adiabatic compressibility, K, 


K,=1/pwv? 


makes an alternative approach to the problem possible, 
if velocities of sound can be measured. Under these 
circumstances we get the isothermal compressibility Kr 
through the relationship 


Kr=(Cp/Cy)Ks, 
where 
Cp 1 


Cy 1—(TMo2/pCpKr) 





If data are available for specific heat, Cp, and coeffi- 
cient of thermal expansion, a, and with temperature, 7, 
and atomic weight, M, fixed by the investigator, the 
isothermal compressibility can be derived readily by 
successive approximations. 

With the obvious exception of mercury, reliable 
measurements of velocity of sound have not, to the 





_*This research has been partially supported by the ONR 
(Contract No. N-6ori-20-IV, NR 019 302). 


knowledge of the author, been carried out for liquid 
metals. The present investigation was started in order 
to secure such information. In other communications 
the author will discuss some of the consequences of these 
measurements with respect to the thermodynamic 
properties of liquid alloy systems. 

Through the development of the electronic pulse- 
circuit technique during and after the war, a new and 
experimentally simple approach has been opened up, 
by which velocities of sound in solids and liquids can 
be measured with considerable accuracy.! The method 
was previously applied by Pellam and Galt? in the case 
of a number of simple liquids at room temperatures, and 
more recently by Galt® and by Galt and Squire‘ for 
investigation of liquids at low temperatures. 

The author has previously reported briefly’ on the 
use of the same technique for the study of metallic 
liquids at moderately elevated temperatures. In the 
present paper will be given a more complete account of 
this work, which covers measurements at atmospheric 
pressure on 12 pure liquid metals at and above their 
melting points and on 4 equi-atomic liquid metal 
mixtures. 


1 Cefola, Droz, Frankel, Jones, Maslach, and Teeter, Jr., MIT 
Radiation Laboratory Report 963 (March 1946). 

2J. R. Pellam and J. K. Galt, J. Chem. Phys. 14, 608 (1946). 

3 J. K. Galt, J. Chem. Phys. 16, 505 (1948). 

4J. K. Galt and C. F. Squire, Phys. Rev. 72, 1245 (1947). 

50. J. Kleppa, J. Chem. Phys. 17, 668 (1949). 
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Fic. 1. Schematic diagram of apparatus. 


EXPERIMENTAL 


The electronic equipment used in the present investi- 
gation was assembled and in part constructed by Dr. 
D. Lazarus, and a more complete description of circuits, 
etc., has appeared elsewhere.® Here shall only be given 
in brief outline the operation of this equipment, a 
schematic diagram of which appears in Fig. 1. 

A Du Mont 256 D-A/R oscilloscope provides trigger- 
ing pulses to an external pulser and the means for 
accurate measurement of the time of travel of the ultra- 
sonic pulses. The triggering pulse from the oscilloscope 
generates a short group of 12 mc waves in the pulser. 
This signal is applied to a thin x-cut quartz crystal, 
which is cemented by means of Phenyl Salicylate to a 
15-mm diameter Pyrex rod (see below) fitted with a 
suitable Pyrex acoustic reflector at known distance. The 
electrical signal generates a short train of longitudinal 
acoustic pulses which travel back and forth in the 
Pyrex rod. The surface of the rod was roughened on a 
coarse grinding wheel in order to prevent incoherent 
reflections from the surface of the rod. Each time the 
sound pulse passes through the quartz crystal an elec- 
trical pulse is generated, which is applied to the receiver. 
After amplification and detection the initial as well as 
the delayed sets of pulses are displayed on the linear 
time base sweep of the oscilloscope. This cycle is re- 
peated at a rate of about 2000 c.p.s. 

When the measurement on liquids takes place, the 
lower end of the Pyrex rod with the reflector is immersed 
in the liquid, and a certain transmission of acoustic 
pulses takes place from the rod to the liquid. These 
pulses are reflected back by the reflector, picked up 
again by the Pyrex rod and in turn generate delayed 
electrical pulses in the quartz crystal. These are re- 
ceived, amplified and displayed on the oscilloscope with 
the original pulses through the rod. When the distance 
between the end of the rod and the reflector is known, 
the time delay between the first reflected pulse through 
the rod and the first pulse which has been transmitted 
through the liquid gives the desired velocity of sound. 
The total measuring range of the oscilloscope was 100 
microseconds and the first reflected pulse through the 
rod occurred at ~ 60 usec. With a distance between rod 


6D. Lazarus, Phys. Rev. 76, 545 (1949). 
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and reflector of ~2 cm, this allowed measurement of 
sound velocities of ~ 1000 m/sec. and more. 

The non-electronic part of the apparatus is shown in 
some detail in Fig. 2. 

To the lower end of the previously mentioned Pyrex 
rod, A, which was about 16-cm long and the ends of 
which were ground flat and parallel, a small Pyrex reflec- 
tor, C, was sealed by means of 3 thin Pyrex rod sup- 
ports. The ground, flat side of this reflector was mounted 
parallel to the opposing face of the Pyrex rod. The dis- 
tance between these parallel faces was accurately meas- 
ured by means of a cathetometer. In the temperature 
range used in this investigation (up to ~400°C) this 
distance does not change more than by about 0.1 per- 
cent, an amount which is negligible compared with 
other sources of error. 

The liquid metal, consisting of about 25 cc, was con- 
tained in a Pyrex tube crucible, D, which could be 
raised and lowered at will by winding its supporting 
glass cord, E, on the spool, F. The temperature of the 
melt was measured by a Cromel-Alumel thermocouple, 
protected from the melt by a thin-walled Pyrex tube, G. 
Pyrex rod and crucible were both contained in a slightly 
wider Pyrex tube as indicated in the figure. Heating was 
by a 25-cm long resistance furnace of usual construction. 
Temperature control was by manual operation of a 
variable transformer and the temperature could easily 
be maintained within about +1°C for considerable 
periods of time. 

For support, the Pyrex rod was cemented with de 
Khotinsky cement in the central boring of the brass 
top-piece, J. This top-piece was in turn connected with 
the containing Pyrex tube through a $ 45/50 ground 
joint. 

The quartz crystal, B, was cemented to the top end 
of the Pyrex rod, and was gold sputtered for single 
ended connection. The arrangement of the top-piece, 
as well as of the contacts for the quartz crystal, will best 
be seen from the figure. If required, the whole top-piece 
could be cooled by a stream of air or water through the 
tubes, K. 

Experiments were conducted in an atmosphere of 
nitrogen. 

The main experimental difficulty was associated with 
obtaining a reflected signal of sufficient strength and 
persistence to allow measurements to take place. In 
preliminary work on mercury it was, for example, found 
that when the metal was carefully dried and filtered in 
the usual way, some difficulty was experienced in 
getting a signal through. This is believed to be due to 
the fact that mercury does not wet glass and that, there- 
fore, the thin gas film between the rod and the metal 
prevents the transmission of the pulses. However, a few 
drops of mineral oil effectively reduced this “surface 
barrier” and gave the required signal in good strength. 
It was found that a layer of molten paraffin wax 
apparently served the same purpose at higher tempera- 
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tures. All later experiments, except those performed on 
zinc, were accordingly carried out with the liquid metal 
contained under a layer of liquid wax or mineral oil. 
This wax or oil layer also gave added protection against 
accidental oxidation, and greatly facilitated the prepara- 
tion of the liquid metals for measurement. It was found 
that the molten wax layer protected the metals against 
atmospheric oxidation, and this made the careful surface 
cleaning of the metals by “filtering” through a capillary 
prior to experiments relatively simple. This simple pro- 
cedure was found to be satisfactory even for the highly 
reactive alkali metals. 

It was generally found that with increasing tempera- 
ture above 300°C the signals deteriorated and made 
accurate measurements difficult. This happened at tem- 
peratures somewhat below the boiling point of the wax 
(~ 400°C), and is believed to be due to a possible 
appearance of the “surface barrier” under these condi- 
tions at higher temperatures, although the evidence for 
this is not conclusive. All the measurements involving 
use of Jiquid wax were carried out below 400°C. 

After unsuccessful attempts at measurement under a 
cover of liquid wax of the velocity of sound in liquid zinc 
(m.p. 420°), the measurements finally were carried out 
with the liquid metal covered by a layer of the eutectic 
mixture of LiCl and KCl. The salt melt unfortunately 
attacked the glass to some extent, which in turn led to 
gradual deterioration of the signals. In spite of this, 
however, it was possible to complete the measurement 
with the fair precision of about +2 percent, by using a 
distance of 3 cm between the end of the Pyrex rod and 
the reflector. 

A number of attempts were made to measure the 
velocity of sound in liquid lithium, making use of a 
special Pyrex apparatus which permitted the measure- 
ment to be performed when lithium was floating on top 
of liquid wax. Unfortunately, the lithium caused a very 
rapid breakdown of the glass container, and none of these 
attempts was therefore entirely successful. During one 
run, however, an approximate value for the velocity of 
sound at 200°C of about 3000 m/sec. was established. 
The error in this value is estimated to be of the order 
of +10 percent. This result is in reasonable agreement 
with what might be expected from the trend established 
from the results obtained for the other alkali-metals 
(see below). 


PRECISION OF MEASUREMENTS 


Due to unavoidable pulse distortions and lack of 
sharpness of the leading edge, the absolute precision of 
the time delay measurements was generally only about 
+0.15-0.20 microsecond, or about +1 percent in the 
velocity measurements. In view of the absence of data 
for sound velocities and compressibilities for the liquid 
metals in question, the results obtained should still 
prove quite valuable. More unfortunate is the fact that 
this lack of precision made impossible an accurate deter- 
mination of the temperature gradients of the velocities 
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of sound in the limited temperature range of the present 
investigation. Such temperature gradients are reported 
below only as approximate values, and with due 
reservations. 


ANALYSIS OF MATERIALS 


The purity of the metals used in this investigation 
was checked spectrographically. The impurities found 
are listed in Table I. 

Except for the alkali metals the total amount of im- 
purities was thus, in all cases, of the order of 0.05 
percent. The alkali metals were not of the same high 
quality, but even the appreciable amounts of impurities 
present in these metals should not affect the value of 
the results. If the rule of additivity (see below) is 
assumed, an impurity of, for example, ~1 percent of K 
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Taste I. velocity. It was found that this gradient was of the same em 
order of magnitude for all the metals investigated, th 
oe Approx aro "* ranging from ~—0.3 to Mathitieeed m sec. deg.—!, with th 
most of the metals showing a value of ~—0.5. From 
Zn: Cd 0.005 , . 
Pb, Si 0.002 the experimental data quoted in Table II have been ti 
Fe, Mg, Ca 0.001 computed the adiabatic and isothermal compressi- B: 
Ga: Hg, Pb 0.005 bilities, by use of the simple thermodynamic relations bi 
Fe, Cu, Ag 0.001 mentioned in the introduction. The required data for pe 
densities, thermal expansion coefficients and specific f 
Cd: Zn, Sb 0.01 2 0 
Pb 0.005 heats at constant pressure have been taken mainly from os 
Sn, Si, Cu, Ag, Fe 0.001 Landolt-Bérnstein and from International Critical - 
— Mg, Ca, Sn, Sb, Si 0.01 Tables. Finally the specific heats at constant volume a 
Cu, Pb, Fe 0.002 have been computed for the same metals at the tem- pe 
: peratures in question. These data are all recorded in 
Sa: = _ Table III. 
Fe 0.01 pe 
Cu, Sb 0.004 » 
Bi’ 0.002 B. Mixtures ¢ 
TI: Mg, Ca, Si, In 0.01 A series of four liquid equi-atomic mixtures of tin ne 
Al, Cu, Pb 0.001 with cadmium, mercury, lead and bismuth was investi- th 
: : ated, and the results are given in Table IV. In the same 
Pb: Bi 0.05 g g V. th 
Fe 0.01 table will be found computed sound velocities, assuming se 
= aan the rule of additivity. It will be seen that this rule is a 
, only approximately valid, the deviations ranging from ut 
Bi: Mg, Al, Ag, Si 0.01 about —2 percent for tin-lead to about +7 percent for 
Ca, ES oom tin-mercury. re 
an y - DISCUSSION st 
K 0.01 pe 
ae — Mercury is the only liquid metal for which reliable pI 
K: Na 0.5 earlier determinations of compressibilities resp. veloci- pl 
oa peo ties of sound appear to be available. A comparison of 
results obtained in this investigation and earlier work th 
Rb: K 1.0 for this metal has been given before.’ Richards and th 
Na 0.5 Boyer’ report for the initial compressibility of liquid 
Fe 0.02 y P grange dead. th 
Bi 0.002 gallium 4.0X10~*, a result which is in disagreement T 
in - - with this investigation. This value for the compressi- of 
“ x. 0.05 bility would put liquid gallium in line with the heavy - 
Ca 0.02 elements mercury, thallium, lead and bismuth, while ; 
= aa the result of this investigation, 2.4 10~*, is the same ne 
Al, Mg 0.001 as for its neighbor in the periodic system liquid zinc. " 
It should be noted also that cadmium, indium, and tin 
in Rb should only increase the velocity of sound with TABLE II. Sound velocities and temperature gradients. = 
~6 m/sec., or about 0.5 percent. 

It should be pointed out that no attempt was made Ee. 
to secure information on the amount of gases dissolved m.p. u du (m sec.“ deg.~!, m.p. i 
cpinge a = etal “eC (m/sec.) dt approx.) to°C 
in the liquid metals. It is known that particularly = — pa 
the liquid alkali metals are able to maintain a con- Ga 30 77404.50 ay = 
siderable amount of gases (Ne, Oz) in solution. This Cd 321 2200+ 20 —0.5 360 

it] i i f In 156 2215+20 —0.5 260 
represents an additional experimental uncertainty o - 939 5770.4. 20 “a3 4 
some importance. TI 302 162515 — 310 
Pb 327 1790+15 —0.5 380 
RESULTS Bi 271 163515 —0.5 365 
Na 98 239525 —0.3 235 
A. Pure Metals K 64 1820+20 —0.5 160 
Rb 39 1260+10 —0.4 160 on 

The results obtained for the velocities of sound in the Cs 29 96710 —0.3 130 

pure liquid metals at their melting points are given in 











Table II. In this table will also be found approximate 1'T. W. Richards and S. Boyer, J. Am. Chem. Soc. 43, 294 
values for the temperature gradients of the sound (1921). 
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show very nearly the same intermediary value, between 
those for zinc and gallium on one hand, and mercury, 
thallium, lead, and bismuth on the other hand. 

For three of the metals covered in the present inves- 
tigation, namely, potassium, sodium, and bismuth, 
Bridgman® has measured the difference in compressi- 
bility between the solid and the liquid at the melting 
point. By subtracting these values from those obtained 
for the liquid, the compressibilities of the corresponding 
solids at the melting point can be obtained. These data 
can then be directly compared with the isothermally 
measured compressibilities of the solids at room tem- 
perature. The data are recorded in Table V. 

As some increase in compressibility should be ex- 
pected on going from room temperature to the melting 
point, the correlation between the data for sodium and 
bismuth appears to be quite satisfactory, while this is 
not so in the case of potassium. In view of the fact that 
this metal has the lowest melting point of the three and 
that the figures compared are obtained from three 
separate sets of measurements, the slight discrepancy 
can probably be entirely explained by the experimental 
uncertainties involved. 

For the other metals under consideration it seems 
relevant to make a direct comparison with earlier re- 
sults for the same metals in the solid state at room tem- 
perature. In Table VI such data for isothermal com- 
pressibilities have been tabulated with those of the 
present investigation. 

From this table it will be seen that all metals, with 
the apparent exception of rubidium and cesium, show 
the expected increase in compressibility on going from 
the solid state (at room temperature) to the liquid state. 
The increase ranges from about 10 percent in the case 
of potassium to about 62 percent in the case of tin. The 
exceptional position of rubidium and cesium is hard to 
explain without assuming a very large influence of the 
impurities present, or a possible uncertainty in the 


TABLE III. Computed data for adiabatic and 
isothermal compressibilities. 











p aX 108 K.x108 CP Krx108 

Metal T°K (gem) (deg.-1) Cp (bar) Ce (bar!) C,** 
Zn 693 6.6 1.5 7.6 i939, 125 2.4 6.1 
Ga 303 6.09 12 .68 2.19 1.08 2.4 6.3 
Cd 594 8.0 ss 35 2% 1.43 3.2 6.1 
In 429 ve iz 72 2.9, 1.12 be 6.25 
Sn 505 6.99 10 6.6 pe ae eS | 3.4 5.9; 
Tl Ah i 4 4 ame i120 4.1 5.87 
Pb 600 = 10.7 iZ 638 2.92 1.20 3.5 5.67 
Bi 544 10.1 ia 2 3.79 1.15 4.2; 6.25 
Na 371 0.930 28 7.5 17.7 142 the 6.7 
K 337 0.835 2.9 7.7 36. 1.11 40. 6.94 
Rb 312 1.475 34 78 42.7 1.15 49. 6.73 
Cs 302 1.84 ai 3 Sa 1.16 67.3 6.72 








* Estimates. 

** It should be noted that lead (!) shows a significantly lower value for Cv 
than the equipartition value, 3R, while all the other metals have C»’s close 
to this value or, in the case of the alkali metals, considerably higher. 


5 P. W. Bridgman, Phys. Rev. 38, 182 (1931). 
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TABLE IV. Sound velocities in equi-atomic mixtures. 











u u du/dt 
(m sec.~!, (m sec.~1, (m. sec.~! 
Mixture °C exp.) calc.) deg.~!, exp.) 
Sn-Cd 250 2205 2245 —0.6 
Sn-Hg 200 1950 1815 —0.3 
Sn-Bi 200 1965 1980 — 
Sn-Pb 290 1975 2020 —_ 








TABLE V. Isothermal compressibilities for solid and liquid 
metals at the melting point. 











Kr X108 Kr* X108 Kr* X108 
(m.p. °C) (K7!—Kr*)10% (m.p.) (r.t.)* 
Metal (bar~1) (bar~!) (bar~) (bar~1) 
K 40.2 (64) 4.8 35.4 36.3 
Na 21.9 (98) 3.4 17.6 15.9 
Bi 4.2; (271) 0.58 3.67 2.97 








* From Handbook of Physical Constants, Geol. Soc. of America, Special 
Papers, No. 36, 1942. 


earlier measurements. It is, for example, possible that 
the considerable pressure dependence of the compressi- 
bility of these metals in the low pressure range may 
account for a possible error in the extrapolation to zero 
pressure which was required in order to obtain the 
accepted values for the compressibility of these solids. 

Recent theories of liquids have pointed to the great 
similarity between the solid and the liquid states, par- 
ticularly for temperatures not too far above the melting 
point.’ This view is supported by such facts as the small 
value of the heat of melting compared with the total 
cohesive energy, similar values for specific heats, simi- 
larity of structure, etc. To this list can now, in the case 
of the metals, be added the relatively small compressi- 
bility change on melting. 

The most extreme statement in regard to the differ- 
ence between the properties of the solid and the corre- 
sponding liquid would be to explain the difference be- 
tween the two wholly in terms of the addition or re- 
moval of holes or ‘‘free volume”’ as we go from one state 
to the other.® Making this drastic assumption, we should 
be entitled to apply an equation of state developed for 
the solid to the liquid, and vice versa. Numerous at- 
tempts have been made to develop satisfactory equa- 
tions of state for the solid metals. With few exceptions, 
however, they all seem to have elements of semi- 
empirical character, and we shall be satisfied here to 
test our point by use of the old Mie-Griineisen theory.” 
The basis of this theory is well known: (1) Clausius’ 
virial theorem; (2) central interatomic forces operat- 
ing between pairs of atoms, due to a potential of the 
general type 


g(V)=— 








mis pris’ 


9 J. Frenkel, Kinetic Theory of Liquids (Oxford University Press, 
London, 1946). 
10 G. Griineisen, Handbuch der Physik X (1926). 
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TABLE VI. Isothermal compressibilities for solid and liquid metals. 
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TABLE VII. Griineisen’s y for solid and liquid metals. 











Kr X108 (bar=!) Kr X108 (bar~!) 
é Liquid Solid* Liquid Solid* 
Metal (m.p. °C) (r.t.) Metal (m.p. °C) (r.t.) 
Zn 2.4 (420) 1.69 Na 21.5 (98) 15.9 f 
Ga 2.4 (30) 2.1 K 40.2. (64) 36.3 
Cd $2. ($21) 2.25 Rb 49., (39) 53.0(50°) 
In 3.2 (156) 2.32 Cs 67.3 (29) 71.0(50°) 
Sn 3.1 (232) 1.91 
Tl 4.1 (302) 3.55 
Pb 3.5 (327) 2.45 
Bi 4.2, (271) 2.97 








* From Handbook of Physical Constants, Geol. Soc. of America, Special 
Papers, No. 36, 1942. 

S. L. Quimby and S. Siegel, Phys. Rev. 54, 293 (1938) have measured 
the compressibility of sodium single crystals by a dynamic method between 
80 and 210°K and find considerably higher values for K7. The results of 
this investigation give support to the earlier value measured by Bridgman. 


when a, b, m, and n are constants characteristic for 
each metal. 

Griineisen tested this theory empirically by comput- 
ing the factor 


aV aV 
y= = a 
KrCy KsCp 





He found that for the great majority of metals y was 
about 2.3. According to the theory this determines the 
repulsion exponent, ”, which, for this value of y for 
cubic crystals, will be about 12. Notable exceptions are 
the alkali metals, bismuth, antimony, and gallium, 
which all have much smaller values for y and n. 

If our assumptions above are valid, we should expect 
that y does not change appreciably on going from the 
solid to the liquid state. Table VII will show to what 
extent this is actually the case. 

When we consider the uncertainties involved in the 
accepted values for Cp and even more for a in the case 
of the liquid metals, the agreement must be considered 
very good. The only metals investigated which show a 





y (liq. * ¥ (liq. yy 

Metal m.p.) (solid) Metal m.p.) (solid) 

Zn 2.4 2.01 Na 1.1, 1.25 

Ga 2.2 1.16 K 1.17 1.34 

Cd 2.60 2.19 Rb 1.4, 1.48 

Sn 2.20 2.14 

Tl 2.58 2.73 

Pb 2.80 2.73 

Bi 2.27 1.14 








* Mainly from G. Griineisen, Handbuch der Physik X (1926). 


very marked change on going from the solid to the liquid 
state are bismuth and gallium. This change can un- 
doubtedly be explained by the well-known structure 
change of these metals on melting." ” It will be noted 
that y for liquid bismuth and gallium falls well in line 
with the other heavy metals. As the compressibility of 
bismuth and gallium changes only about 15 percent on 
melting, the large change in Griineisen’s y for these 
metals must be attributed largely to the abnormal in- 
crease during fusion in the coefficient of thermal expan- 
sion for these two metals. 
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The solubility relations of n-heptane with f-heptane, iodine, sulfur, stannic iodide, and phosphorus are all 
accounted for within the usual limits of accuracy for regular solution theory by a solubility parameter 8.1 
instead of the value 7.45 derived from its energy of vaporization per cc. Solutions of 2,2,4-trimethyl pentane 
with f-heptane and with iodine are similarly accounted for by the empirical value 7.45 instead of 6.85. Such 
an adjustment for paraffins is a practical alternative to the treatment used by Simons and Dunlap for the 
system m-pentane, “pentforane,” which they recently reported upon, and is, at the same time, consistent 
with their assumption that the exceptional behavior of paraffins is to be attributed to an irregularity in 


their mutual repulsions. 





T has been known for some time! that the solubility 
of iodine in paraffin hydrocarbons is somewhat less 
than would be expected from the theory of regular solu- 
tions using values of solubility parameters derived from 
heats of vaporization. Recently, Simons and Dunlap’ 
have reported that the mutual solubility of n-pentane 
and n-perfluoropentane, “-pentforane,” is less than 
would be expected from the same theory. At the time 
this paper appeared, Benesi, Fisher, and I* had sub- 
mitted a paper for publication in which we reported a 
similar discrepancy for solutions of n-perfluoroheptane 
with n-heptane and with 2,2,4-trimethyl pentane, 
“iso-octane.’’ They form two liquid phases at 50° and 
24°, respectively, whereas, according to theory, they 
should not unmix till cooled far below zero. We stated 
therein our conclusion that this irregularity is to be 
attributed to an energy rather than an entropy effect, 
and could be accounted for by assigning to the paraf- 
fins a larger solubility parameter than the one based 
upon the heat of vaporization. The purpose of this 
communication is to show the quantitative internal 
consistency that is brought into the solubility relations 
of n-heptane by so doing. 

Because of the large molal volume of perfluoro- 
heptane, (I shall call it f-heptane) I add the Flory- 
Huggins term to the regular solution equation to give 
the more general equation, 


(1) 





V2\  Ve¢1"(62— 61)? 
Indz=Inget+ ¢1 1-—=)+ 
RT 


1 


The equation for the critical solution temperature 
derived from this? is 


2ViV2 
* (vb+-Vel)? 


The symbols have the following meanings: a is activity 
referred to pure liquid, ¢ is volume fraction, V is molal 


ns H. A. Benesi and J. H. Hildebrand, J. Am. Chem. Soc. 70, 3978 
948). 

2 J. H. Simons and R. D. Dunlap, J. Chem. Phys. 18, 335 (1950). 

i Fisher, and Benesi, J. Am. Chem. Soc. (September, 
0). 


RT (62—6;)*. (2) 
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volume, 7, is critical solution temperature, and 6 is 
“solubility parameter,” (AE’/V)!, where E is molal 
energy of vaporization and V is molal volume. I shall 
compare the solvent power of n-heptane with that of 
carbon tetrachloride for five other substances, f-hep- 
tane,’ iodine,! sulfur,‘ stannic iodide,’ and phosphorus,® 
which are designated as component 2. Component 1 is 
n-heptane and 1’ is carbon tetrachloride. The data used 
are the critical solution temperature, in the case of 
f-heptane, and the solubility of the solid form of the 
other substances at 25°. In these cases, the activities 
are those of the solid, as°, referred to the supercooled 
liquid. Any uncertainties in the values of a2* are can- 
celed out by the method of calculation used, so do not 
affect the comparison. Table I gives the differences, 
52—6,’ and 6,—46,, calculated from the solubility data 
for each second component and in the case of f-heptane, 
the experimental values of T, are given in Table II, 
along with the values of V at the same temperatures. 

The last row in Table I shows that all of these solu- 
tions agree in indicating that the solubility parameter 
of n-heptane should be taken as from 0.3 to 0.5 less 
than that of carbon tetrachloride instead of 1.15 less, 
as given by their energies of vaporization per cc., 7.45 
and 8.6, respectively. If we assume 8.6 for carbon 
tetrachloride as a standard for comparison, then the 
value 8.1 for n-heptane would obviously be consistent, 
within the usual limits of error, with its solvent powers 
for all of the substances here considered. It should be 
remembered that a variety of disturbing factors unite 
to cause variations of from 0.1 to 0.2 in the 6-values for 
any one substance by means of Eqs. (1) and (2). 

The paraffin, 2,2,4-trimethyl pentane, is, similarly, 
a better solvent for iodine' and a poorer solvent for 
f-heptane’ than its value of (AE’/V)!=6.85 would lead 
one to expect. With iodine, 6;/—6,;=0.7 and with 


4 J. H. Hildebrand and C. L. Jenks, J. Am. Chem. Soc. 43, 2172 
(1921). 

5M. E. Dorfman and J. H. Hildebrand, J. Am. Chem. Soc. 49, 
729 (1927). See, also, Solubility of Nonelectrolytes (Reinhold 
Publishing Corporation, New York) 1950 for the data cited in 
references 4-7. 

6 C. Groot and J. H. Hildebrand, J. Am. Chem. Soc., 70, 3815 
(1948). 
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TABLE I. Difference between solubility parameters of CCl, and 
n-C7Hi¢ from their solubility data with common solutes. 


QR. G&G. PARR AND R. GS. 


MULLIKEN 


TABLE II. Critical solution figures for n-heptane with f-heptane (2) 
and carbon tetrachloride (1’). 

















C7Fis I: Ss Snl4 Ps Te Vi vi’ V2 
V2 59.0 135 151 70.4 n-Heptane—f-heptane 332 152 — 239 
100x2 in CCl, 1.147 0.500 1.46 1.58 Carbon tetrachloride—jf-heptane 323 _— 101 235 
100x2 in C7His 0.679 0.141 0.553 1.24 
52—6;' —2.98 5.74 4.26 3.05 5.94 
52— 61 —2.62 6.21 4.80 3.53 6.26 : tnt : 
6'—6; 0.36 0.47 0.54 0.48 0.32 quite reasonable. This implies that the slope of the 








f-heptane it is —0.5. The proper value for this octane 
should evidently be about 7.45 instead of 6.85. 

It is, of course, quite reasonable to obtain 6-values 
from solubility data themselves rather than from heats 
of vaporization. I have noted a similar displacement in 
the case of chloroform,’ where a variety of solubility 
data are consistent with a parameter 9.0 instead of the 
value 9.3 from (AE*/V)?. 

The explanation offered by Simons and Dunlap in 
connection with their investigation of the two pentanes, 
1.e., that hydrocarbon molecules can interpenetrate and 
yield a liquid with unusually small free volume seems 


7 J. H. Hildebrand, Chem. Revs. 44, 37 (1949). 


repulsive branch of the curve of potential energy 2s. 
distance in the case of paraffin molecules differs mark- 
edly from that of most other molecular species, and the 
repulsive branch plays a larger role in the small separa- 
tions involved in mixing with another liquid than it does 
in the large separations involved in vaporization. 
_ The figures cited in this paper seem to show that a 
simple, practical means of dealing with the solubility 
relations of paraffins is to derive their solubility param- 
eters from known solubility data with a reasonable 
expectation that values so derived will prove applicable 
to new cases. 

I wish to acknowledge the support of the Atomic 
Energy Commission in connection with the studies and 
calculations upon which this paper is based. 
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The z-electrons of the molecules cis- and trans-1,3-butadiene are treated by the method of antisymmetrized 
products of molecular orbitals, the molecular orbitals being taken as linear combinations of 2p7-Slater 
atomic orbitals with effective charge 3.18. The best ground state LCAO molecular orbitals obtainable from 
these are found by application of a method recently proposed by Roothaan which is based on the varia- 
tional theorem, and the 7-electron energy of the ground state is calculated. Including a correction for nuclear 
repulsions, the ¢rans- form is computed to be 0.12 ev more stable than the cis-form. Using the ground state 
orbitals to build up excited state wave functions, the energies of four singly excited singlet states and the 
corresponding triplet states are calculated, there resulting for the average of the lowest singlet and triplet 
states the excitation energy 5.4 ev for cis- and 5.7 ev for trans-, the experimental value for the lowest singlet 
state (probably for érans-) being 6.0 ev. The first ionization potential is computed to be 9.7 ev for both cis- 
and ¢rans-, whereas the observed value is 9.1 ev. No extra-geometrical empirical data are used except in the 
calculation of ionization potentials, where the value — 11.28 ev based on atomic spectroscopic data is used 
for the energy of a 27-electron in a carbon atom in its valence state. 


INTRODUCTION 


ECENT calculations’? have indicated that elec- 
tronic excitation and ionization energies of un- 


* This work was assisted in part by the ONR under Task Order 
IX of Contract N6ori-20 with the University of Chicago. 

t Present address: Department of Chemistry, Carnegie Insti- 
tute of Technology, Pittsburgh, Pennsylvania. 

1 For example, R. G. Parr and B. L. Crawford, Jr., J. Chem. 
Phys. 16, 526 (1948); C. C. J. Roothaan and R. G. Parr, J. Chem. 
Phys. 17, 1001 (1949). 

?R. S. Mulliken, Parts II-III of “Report on molecular orbital 
theory,” J. de Chim. Phys. 46, 497 (1949)—see 1947-8 ONR 





saturated organic compounds can be computed with 
fair accuracy by the method of antisymmetrized prod- 
ucts of molecular orbitals (in LCAO approximation) 
with the introduction of no extra-geometrical empirical 
factors. In most cases so far treated the molecular 
orbitals have been determined by symmetry considera- 
tions alone. In the present paper we consider a molecule 
(1,3-butadiene) where the orbitals can not be so de- 


Report of University of Chicago Physics Department Spectro- 
scopic Laboratory for English version, 
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termined, and apply it to the SCF (self-consistent field) 
method which Roothaan* has developed for simul- 
taneous determination of orbitals and energy.* 

Roothaan’s method could (and should) be used to 
treat butadiene as a full 30-electron problem, but this 
would require numerical values for certain integrals 
which are not yet available.® It is well known, however, 
and it has been assumed in the treatment of other 
molecules mentioned above, that the unsaturation elec- 
trons in conjugated molecules such as butadiene are 
responsible for the lowest frequency electronic transi- 
tions, and may be profitably studied apart from the rest. 
Accordingly, we shall treat butadiene as a four-electron 
problem, replacing the 26 more tightly bound electrons 
by an effective potential. 

We shall carry the work for cis- and trans-butadiene 
along side by side. This will facilitate comparison of 
results on the two molecules at any stage, and will 
provide a means for detecting arithmetic errors which 
may crop up. The geometry we shall assume for the 
carbon skeletons C,—C,;—C.—Ca of these molecules is 
based upon the electron diffraction results of Schomaker 
and Pauling:* skeletons planar, Cz—C,—C,. and 
C,—C.—Ca angles 124°, Ca—C, and C,—Ca distances 
1.35A, C,—C, distances 1.46A. 


GROUND STATE ORBITALS AND ENERGY 


We consider, then, four electrons moving in the field 
of the single-bonded, sf?-hybridized, completely planar 
structure HXC—CH—CH—CH), forming a core with 
charge +4, composed of a +1 charge on each carbon 
atom, but no charges on the hydrogen atoms. We take 
as “starting orbitals” for these electrons normalized 
2pm-Slater AO’s (atomic orbitals) xa, xs, Xe) Xa, on the 
four carbon atoms, and seek two orthonormal MO’s 
(molecular orbitals) $1, ¢2, which are linear combina- 
tions of these starting orbitals (LCAO): 


bi= DL. CipXp; (1) 
Pp 
and which minimize the energy 
En= f Wy*HVydr (2) 


calculated from the complete four-electron Hamil- 


3C. C. J. Roothaan, Ph.D. thesis, University of Chicago (see 
1948-9 ONR report for section on LCAO SCF method, 1949-50 
ONR Report for section on application to benzene, including 
computation of ionization and excitation energy). 

‘See also R. S. Mulliken, “Report on molecular orbital theory,” 
Part V, J. de Chim. Phys. 46, 675 (1949)—see 1948-9 ONR 
Report for English version. A preliminary survey of the applica- 
tion of the present and other methods to 1,3-butadiene is given 
in Section 23 and Fig. 3. 

° A systematic program for computation of integrals has been 
begun at the University of Chicago, but it may be several years 
before all of the integrals which enter LCAO computations on 
polyatomic molecules become available. 

(1939) Schomaker and L. Pauling, J. Am. Chem. Soc. 61, 1769 
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TABLE I. Integrals over the atomic orbitals x».* 











Valued.e Value4.e 
Integral cis- trans- Integral cis- trans- 
Overlap Coulomb-Exchange 
integrals Integrals 
Sav 0.27854 0.27854 aajaa 0.3914XKZ 0.3914KZ 
Soe 0.23281 0.23281 aa\bb = 0.2136 0.2136 
Sas 0.03371 0.03371 bbicc 0.2010 0.2010 
Sea 0.01188 0.00218 aa\cc 0.1277 0.1277 
Penetration aa\dd 0.1083 0.0885 
integrals> aa\ab =: 0.0834 0.0834 
a:ab 0.0527XZ 0.0527KZ bbibc 0.0678 0.0678 
b:be 0.0377 0.0377 bbicd 0.0447 0.0447 
a:bb =0.0228 0.0228 aa\be 0.0384 0.0384 
b:cc §=—.: 0.0156 0.0156 aa\cd 0.0334 0.0291 
b:ac 0.0070 0.0070 aalac 0.0069 0.0069 
a:ac 0.0012 0.0012 aa\bd 0.0053 0.0043 
a:bc 0.0008 0.0008 bbjac 0.0107 0.0107 
b:cd 0.0007 0.0007 aajad 0.0024 0.0004 
b:ad 0.0003 0.0004 bb\ad 0.0026 0.0007 
a:cc 0.0002 0.0002 ab\ab 0.0252 0.0252 
a:ad 0.0002 0.0000 be |be 0.0169 0.0169 
a:bd 0.0001 0.0000 ab\bc = 0.0147 0.0147 
a:cd 0.0000 0.0000 ab\cd 0.0110 0.0107 
a:dd 0.0000 0.0000 ab\ac 0.0029 0.0029 
Core ab\bd 0.0019 0.0016 
integrals be | ac 0.0025 0.0025 
—Iqq 0.4726X%Z 0.4528XZ ablad 0.0008 0.0001 
—Iy, 0.5809 0.5809 be |ad 0.0007 0.0002 
—Iq, 0.2149 0.2106 ac|ac 0.0004 0.0004 
—Iy- 0.1839 0.1839 ac\|bd 00003 0.0002 
—TIae 0.0312 0.0301 ac|ad 0.0001 0.0000 
—Iqa 0.0084 0.0026 ad\ad_ 00.0001 0.0000 











*® The xp are 2px-Slater AO’s—see Eq. (A1). 

by:pq is an abbreviation for (Ar: xpxq)—see Eq. (A9). 

¢ Energies given are relative to energy W2p of a 2p2-electron of a carbon 
atom in its valence state. (W2p = —11.28 ev—see reference 2.) 

4 Overlap integrals are dimensionless; they are for Slater 2px-AO’s with 
Z =3.18 at distances indicated in text. The other integrals have dimensions 
of energy; their values are given in atomic units: 1 atomic unit = 13.602 ev. 

© Values for all but the overlap integrals are the numerical entries in the 
table multiplied by Z (in the following, we use Z =3.18). 

f pr|gs is an abbreviation for J pore =(xpxr| xaxs)—see Eq. (A2). 


tonian operator H and the totally antisymmetric and 
normalized four-electron wave function 








(gia)' (G18)! (2a)! (28)! 
1 |(¢ia)? (G18)? (2a)? ($28)? 

Vy =— - (3) 
(4!)8|(dia)® (G18)® (doa)? (G28)? 
(dia)* (G18)* (d2a)* (268)4 


Here a and 8 are the two possible (orthonormal) spin 
functions for an electron, and (¢28)*, for example, 
denotes the wave function of electron 3 in the molecular 
orbital ¢2 with the spin —(1/2)(4/27). Ew is the total 
ground state energy of the four z-electrons in the field 
of the core. 

Writing H out in the form 


HE (T+U.)+0/2) = (em), 4) 


pv=l 

ur 
where T” is the kinetic energy of electron v, U.” is the 
potential energy of electron v in the 2pz-electron-less 
framework, e is the electronic charge, and r#” is the 
distance between electrons yp and », and carrying out the 
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integration indicated in Eq. (2), one obtains’ 
Ey =21)4+ 21et+-JirtJ 22+ 4) 12— 2K 2. (5S) 


Here® 


tise f 62(T +U.)bedr" (6) 


J i= J pit’ ;**(e?/r*”) bb "dr’dr*, (7) 
and 


Ky= f otose/mororirde, 8) 


are “core,” “Coulomb,” and “exchange” integrals, 
respectively, over the molecular orbitals ¢; or ¢; and ¢;. 
These integrals, and hence Ey, may be expressed in 
terms of integrals over the starting AO’s x, through 
the use of Eq. (1); the results are 


I;= pk Cip*T pC ia, (9) 
p,q 
Jij sae i Cip*C ie” par u je, (10) 
P,9,7, & 
and 
Ki; ~_ +m Cip®C sq" J pgerC iv je, (11) 
P9,7, 8 





Cia(Laa— Saati) +Ca(Lar—Sanei) +C ie(Lac— Sacti) +Cia(Laa— Saati) =0) 
Cia( Loa — Soa €i) +C (Loe — Soo €i) +Cic(Loe — Soe €i) +Cia(Loa — Soaei) =0 
Cia Lea —Scati) +Cin(Les—Ses€i) +Cie(Lee— Scots) +C ca(Lea— Seats) =0[ 
Cia(Laa— Saati) +Cin(Las— S av€i) +Ce(Lae— Sacei) +Cia(Laa— Saaei) =0 


Here the quantities L,, are defined by 


Lpq=1 pat Gyo; (17) 


where the 


Goo= DX [29 Oi*’xpt#(2/r*") bi’ xq"dr'dt* 


i=1,2 


- f b:*'x,84(2/r""\bitegtdr'dr*] (18) 


are components of the LCAO SCF Coulomb-exchange 
operator G for the problem. The e; are numbers which 
make non-trivial solutions for the C;, possible; that is, 


7 See, for example, B. L. Crawford, Jr. and R. G. Parr, J. Chem. 
Phys. 17, 726 (1949), Eq. (26), or reference 2 or 3. 

8 dr” denotes the element of volume for electron v, ¢;* the com- 
plex conjugate of ¢;. All integrations are performed over all space. 
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where 


n= f xp"(T’+ U.”)xq’dt’ (12) 


and 
J eas -f Xpe'xXg *(e?/1*”) xr’XsHd Td T# (13) 


are “core” and ‘“‘Coulomb-exchange”’ integrals over the 
atomic orbitals xp. 

Evaluation of the integrals 7,, and J y¢;s is discussed 
in the Appendix, and leads for the molecular dimensions 
we are assuming to the values given in Table I. With 
these values known, the only unknowns remaining in 
Eq. (5) for the energy Ey are the coefficients Ciy of 
Eqs. (1), (9)-(11), which must be assigned values such 
as to make Ey a minimum subject to orthonormalization 
of the ¢;, i.e., subject to 

1 if i=j 
f gio ;'dr” =) CaS n= rae ye (14) 
Pq 0 if tj 
where 
Sm f xsPx'de’ (15) 


is the “overlap” integral between x, and x,. The equa- 
tions which the C;, must in general satisfy have been 
derived by Roothaan ;’ in the present case they are the 
homogeneous set 








the e; are solutions of the secular equation 


Laa—Sace Las—Sase Lac—Sace Laa—Saat | 
Loa—Srae Lyo—Swe Lic—Soce Loa— Soa 
Lea—Sea€ Leo—Sae Lee—Sece Lea—Seca€ 
Laa—Saae Lan—Sae Lac—Sace Laa—Saa€ 


=(0. (19) 








For given values of the Ly, and Sp¢, there are four real 
roots of this equation.’ Corresponding to each root there 
is a normalized molecular orbital ¢;, the coefficients 
Ci» in which can be found from Eqs. (14) and (16). 
The Ly are not at first known, however, but depend 
upon the C;, through the dependence of the G,, on the 
occupied ¢;—see Eq. (18). A method of successive ap- 
proximations must therefore be adopted. A set of 
Cip values may be assumed, the Gy, calculated, the 
secular equation solved, and a new set of C;, values 
found, and this process repeated until a “self-consistent” 
set of Ci, values is found. If the resulting orbitals are 
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denoted by ¢1, $2, $3, $4, in order of increasing energy 
(e;), 61 and @» will be the ground state orbitals we are 
seeking, while $3 and ¢, will represent some approxima- 
tion to excited state orb tals (see infra). 

Thus far, the fact that the x, are atomic orbitals has 





(o1 = (1/N1)(xa+xa), 
jo= (1/N2)(xo+xe); 
o3=(1/Ns3)(xs— Xe); 
o4=(1/N4)(xa— Xa), 





Defining matrix elements S,,’ and Z,,’ in terms of the 
g, in just the way S,, and L,, were defined in terms of 
the x,—see Eqs. (15), (17), and (18)—we then find 
that the secular equation becomes simply 


Ly? — Syr%e Li2? — S127 0 0 
Loy? — S2y%€ Lox’ — S29%€ 0 0 
L33? — S337€ Lau’ — Sga7€ 
L437 — S437€ Lag? — Sua’ 


since matrix elements between o; or o2 and a3 or a4 
vanish.” The MO’s ¢; may thus be written in the form 


=0 (21) 
0 0 


0 0 











$1 =d 1101+ 1202 9 
$3 =d310,+d3202 
> 5 (22) 
$2= do3a3+do404 
o4= d4303+d 4404) 


where the numbering of the @’s anticipates the order 
of the roots of Eq. (21) which will actually be found ;" 
where the coefficients di, satisfy the normalization 


conditions 
1=)) dig*Sye'dig, *=1, 2, 3, 4; (23) 
P,@ 


and where the ratios of the di, are equal to ratios of 
corresponding cofactors of the secular determinant in 
Eq. (21), that is, 


L129? — S127 €3 


(24) 


Liga? — S347 €4 


,’ 
dy, Lg3?—S33%€2 dag 133° — S337 €4 


_ * The normalizing factors NV; are readily found from the overla 
integrals Spg given in Table I. For example, N2=[2(1+5S.-)_}! 
= (2.46562)4= 1.57023. 

This can be proved either by formal group theory or by direct 
computation making use of such equivalences as Sqp=Sca. 

‘' That the order of orbital energies is the one indicated can be 
seen by application of the classical criterion that energy increases 
with the number of nodes. As a rough approximation, the molecu- 
lar orbitals for butadiene will be, in order of increasing energy, 

b1~Xatxotxet+ xa) 
or~XatXxb— Xe— Xa 
$3™~Xa— Xb— Xet Xa 
$s~Xa— Xb+Xe— Xa 
and this is the order assumed in Eq. (22). 


N,=1.42259 for cis-, 1.41575 for trans-) 
N2=1.57023 for both cis- and trans- 
N3;=1.23870 for both cis- and trans- 
N4=1.40577 for cis-, 1.41267 for trans- 
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not been used—equations of precisely the same form 
would result if we began with any four independent 
orbitals. To take advantage of this fact, let us now 
begin again taking as starting orbitals the normalized?® 
“symmetry orbitals” 


(20) 








The di, like the Ci», require an iterative method of 
evaluation, but they are much easier to work with. 

Table II lists values of the integrals Sy’, Ipg” and 
J prs’, determined from the integrals in Table I by 
direct insertion of Eq. (20) into the appropriate defini- 
tions.” From these basic integrals, the elements in the 
secular equation, Eq. (21), can be computed from any 
assumed set of values for the d;,, through the use of the 
defining relations 


L gq” ~ I pq’ +G pq’ (25) 
and 
Gy? as Zz (2J;, po’ — Ki, ve’)s (26) 
i=1,2 


TABLE II. Integrals over the symmetry orbitals o,.* 














Valuee Values 

Integral cts- trans- Integral cis- trans- 
Overlap 22|44 7.306 7.319 
integrals 33|44 7.438 7.445 
S12” 0.27957 0.28092 11|12 2.503 2.405 
S347 0.28120 0.27983 22) 21 3.829 2.843 
Core 33)| 34 2.788 2.774 
integrals 44| 43 2.594 2.504 
—I,)" 20.561 19.655 11/34 2.602 2.504 
—Io2" 26.834 26.834 22) 34 2.718 2.705 
—I 337 22.383 22.383 33/12 2.809 2.823 
—140 20.320 19.516 44/12 2.493 2.408 
—I 2" 9.531 9.367 12|12 0.806 0.782 
—IT4" 9.126 8.923 13} 13 0.343 0.363 
Coulomb-exchange 14| 14 6.124 6.551 
integrals 23) 23 4.354 4.354 
11/11 10.762 10.368 24| 24 0.289 0.318 
22) 22 12.770 12.770 34) 34 0.779 0.754 
33) 33 13.044 13.044 13| 14 1.188 1.275 
44) 44 10.860 10.389 23) 24 0.856 0.852 
11|22 7.363 7.350 13} 23 0.881 0.885 
11|33 7.475 7.468 14/24 1.011 1.109 
11|44 10.805 10.379 12} 34 0.789 0.767 

22) 33 12.773 12.773 13| 24 0.314 0.336 
14} 23 1.911 1.910 











® The og are defined in Eq. (20). 
b See note c, Table I. 
© Values for all but the overlap integrals are here in electron volts. 


2 For example, 
T9° =(1/N2N2) (Toe +2] be+T cc) = (2/N2N 2) (Too +T oe) 
= —2(0.40558) (0.7648) Z = —0.62038Z atomic unit 
= — (0.62038) (3.18) (13.602) = — 26.834 ev. 
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where 


Ji po = f i*’a p**(2/r”) bi’ oq"dr’dr* 
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are Coulomb and exchange integrals intermediate in 
type between the J;;’, K;;7 and the J pers’. This provides 
the starting point for solution of our problem. We as- 
sume a set of dig values, compute the Ly, by Eq. (25), 
solve Eq. (21) for the ¢;, solve Eqs. (23) and (24) fora 











=D dir*Jrpsqdie (27) new set of dig values, and repeat until self-consistency 
ro ve is attained. Table ITI gives details of the self-consistent 
solutions obtained in this way for cis- and trans-1,3- 
butadiene. Each of these solutions was found after 
Ki, »¢’ -{ pir’ p**(2/r*”)bitoq’dr’dT* about a dozen trials.’* 4 
From Eqs. (20) and (22) and the dj, values in Table 
=> di*Jryqdig (28) Ul, we obtain four orthonormal molecular orbitals, as 
r,8 , follows: 
0.3484 
=| tc Xa+xa) yf ~ fowtxd 
0.3540 0.4687 
0.5106 0.4222 upper values 
omg 6.=| lx — xa) +| (xe— a 
0.5081 0.4229 cis- 
\° (29) 
0.6439 lower values 
™ o:=| | eet | "| (xe + X ) 
0.6452 | = trans- —s} 
0.5373 0.7276 
¢ -| (xe xe -| Koc Xe) | 
0.5343 0.7268 





TABLE III. Self-consistent molecular orbitals for the ground state. 











Cis- Trans- Cis- Trans- 
di:/di2 assumed 0.6690 0.6810 2, 33 6.064 6.054 
d23/do4 assumed 0.7288 0.7298 2, 44 7.756 7.442 
(diz)? 1.8216 1.8464 2, 34 5.185 5.134 
(da4)~* 1.9410 1.9411Matrix elements 
Coulomb Lyd’ 18 
integrals*.b.¢ 11 6.555 6.386 
a, 33 8.525 8.359 22 2.291 2.297 
1, 22 10.897 10.860 12 —5.490 —5.543 
1, 12 2.760 2.721 33 9.245 9.215 
1, 33 10.912 10.876 44 5.668 5.656 
1, 44 8.497 8.347 34 —5.100 —5.111 
2’ mei —. Orbital energies 
2, 22 9.300 9.310 é1 —1.164 —1.241 
2,12 2.646 2.592 €2 1.620 1.599 
2, 33 9.495 9.501 €3 14.090 14.050 
2, 44 9.578 9.278 €4 17.689 17.639 
2, 34 2.684 2.618 di1/di2 found 0.6690 0.6811 
, Exchange do3/do4 found 0.7286 0.7299 
integrals*.4.e 
1, 11 4.925 4.802 dius 0.4957 0.5012 
1, 22 9.286 9.210 diz 0.7409 0.7359 
1, 12 5.168 5.143 dx 0.9160 0.9135 
1, 33 3.122 3.102 d32 —0.7320 —0.7376 
1, 44 2.406 2.636 dos 0.5230 0.5239 
1, 34 1.579 1.610 dx 0.7178 0.7177 
2, 11 4.141 4.433 dys 0.9013 0.9003 
2, 22 1.983 1.999 dus —0.7554 —0.7548 
2, 12 1.597 1.659 








* Values in electron volts. 
b 4, pq is abbreviated notation for Ji, see Eq. (27). 
¢ Sample calculation: 1,11 (cis-) ts a SIA)C. 33 +2 (0.6690) (2.503) 
+(0.6690)2(10.762)]. 
4%, pq is an abbreviation for Ki,p¢g —see 28). 
e Sample calculation: 1,11 (cés-) Lar rah WTC 806) +2(0.6690) (2.503) 
+(0. 6690)2(10.762)]. 
£ Values i in electron volts; ene rgy zero Wep—see Table I, Note c. 
© pq is an abbreviation for Loe - 





These are listed in order of increasing energy ; ¢: and ¢; 
are the best LCAO SCF ground state MO’s obtainable 
from Slater 2p27-AO’s with Z=3.18. 

We can now proceed to determine the ground state 
energy for the four z-electrons in the field of the core. 
This may be computed from Eq. (5), with [compare 
Eqs. (9) to (11) ] 


[;= x dip I pq7digy (30) 
PD, 
Ji se a dip" jq* J pared ird je =) djq* J i, qe" je, (31) 
P,49,7, & q, 8 
and 
i dip" jq* I pager ird je = ~ djq*K;, qed . (32) 


P, 4,7, & 


18 The problem treated here is of course a particularly simple 
one. There are really only two parameters to be determined by 
minimization of the energy—the ratios of di: to diz and dog to dx 
(orthogonality and normalization conditions give all the coeffi- 
cients once these two ratios are known). Further, the coupling 
between these parameters proves to be small, so that successive 
approximations to each converge more or less independently of 
the other. 

14 Tt does not appear to matter much what orbitals are assumed 
in the starting approximation. One can use orbitals obtained from 
a semi-empirical scheme, or orbitals obtained assuming completely 
localized bonds. The former are likely to be closer to the correct 
orbitals, but the latter have the advantages that they may be 
found without appeal to a different computational framework and 
that use of them permits the calculation of resonance energies with 
very little additional work. (This last will be discussed elsewhere.) 
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m-ELECTRON LEVELS OF BUTADIENE 


Equivalently, since according to Eqs. (9) to (18),'® 


€; “2 i Fe “Tit 2 (2J:;-Ki;), (33) 
one may use the formula 
En =26,4+26€—J1—J22—4J 12+ 2K 12. (34) 
The result in either case is 
4W 2,—49.78 ev for cis- 
Ey = . (35) 


4W o,—48.93 ev for trans- 


where Wo, is the energy of a 2pz-electron in a carbon 
atom in its valence state (— 11.28 ev). 


EXCITED STATE ORBITALS AND ENERGIES 


The z-electrons are presumably responsible for the 
lowest excited electronic states of butadiene. From the 
MO point of view these excited states may be thought of 
as the result of placing one or more of the electrons in 
t-MO’s other than the ground state orbitals ¢; and ¢2 
found above. Wave functions for such excited states 
cannot in general be written as single determinants, but 
once the excited state orbitals are known the excited 
state energies can be computed without much difficulty. 











with the upper (—) sign for V23 and the lower (+) for 
the T.3. The energies /°W*HWdr associated with each 


' of these wave functions can be found by straightforward 


integration using Eq. (4) for H. The results are'® 
Evo; 
Et»; 


=21,4+1etI3t+Jiut2Ji2 
+2J 13t+Jo3— Kie— Kist Ko 


=2e, +e+e3—Ji—J 22 
—4J 2—Jo3+2Ki2+Ko3tKo3 (37) 


with + Ke3 for V23 and — K»3 for T23. Hence, employing 
Eqs. (5) and (34) for Ey, we find 


EVes— Ew =I3—I2—J22.—2I 2 
Etx,— Ey +2Ji3+Jo3+Kie— Kigzt Kos 
= (€3;— €2) — (J23— Kos) Kos 
=(€;? —€)+Ko3. (38) 


P s More simply, see reference 2, Eq. (14),—“subtractive parti- 
on. 


’ For detailed derivations see reference 3, or references 2 and 4 
with due regard for reference 17. 


(d1e)"($18)'(h2a)"(38)" 
(d1a)($18)?(P2e)?($38)?| 1 
(2-4!)*| (b1a)*($18)*(d2e)*(38)* 
(b1a)*(18)*(G2a)*(38)4 
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TABLE IV. Computed excitation energies of excited states, 
using MO’s given by Eq. (29).* 











Excitation 
Energy d1—¢3 gids o2 G4 digs 
€j—& Cis- 12.470 15.254 16.069 18.853 
Trans- 12.451 15.291 16.040 18.880 
Jj Cis- 9.461 9.291 9.524 10.021 
Trans- 9.315 9.218 9.429 9.956 
Kij Cis- 2.395 2.178 2.292 1.759 
Trans- 2.551 2.087 2.169 1.828 
EV;;—EN Cis- 7.799 10.319 11.129 12.350 
Trans- 8.238 10.247 10.949 12.580 
ET;;—EN Cis- 3.009 5.963 6.545 8.832 
s Trans- 3.136 6.073 6.611 8.924 
ETV;;— EN» Cis- 5.404 8.141 8.837 10.591 
Trans- 5.687 8.160 8.780 10.752 








a All energies in electron volts. 
b Mean of Evi; —EN and Etij —En. 


The simplest assumption we can make about the 
excited state orbitals is that they may be taken from 
the set $1, ¢2, $3, ¢4 found in our treatment of the 
ground state. This allows us to write down immediately 
approximate wave functions for excited states which are 
orthogonal to the ground state function of Eq. (3). For 
example, we may write, for the singlet excited state V2; 
resulting from excitation of an electron from ¢2 to 9s, 
and for the Ms=0 component of the corresponding 
triplet state, T23, 


(¢1a)"($18)'($28)'(sex)" 
($1a)*(18)?($28)?(sex)? 
(2-4!) (pie)*(b18)*($28)*($sa)? 
(p1a)*($18)*($28)*(dsx)* 


(36) 





a 














The last form of Eqs. (38), making use of the definition 
€3°) = €3— (Jos— Ka3), 


has been introduced to emphasize the fact that ¢3, al- 
though mathematically like €, and ¢2 in being a root of 
the ground-state SCF Eq. (19), has a different physical 
significance. Physically, in states Vo3 and T23, €;® is 
much more closely an analog of ¢, and ¢2 in representing 
a true orbital energy.!” The superscript in ¢; indicates 
the presence of a “hole” in the ground state wave func- 
tion, made by exciting a ¢2-electron. More generally, 
excitation of an electron from the MO¢; to the MO¢; 
gives rise to two excited states, one singlet and one 
triplet, with energies relative to the ground state 
given by 


Evi;— En 
Er;; = En 


=(¢;—€:)— Jis— Kit Ki; 


c= (€,O— é)+K;j;. (39) 

17 See reference 4, Section 23 (where e; and & for butadiene are 
called “‘unacceptable” ¢’s), and Eqs. (21) and (22) of reference 2, 
where the excited-orbital ¢’s called ¢py and €,r are physically 
significant orbital energies of the type of ¢;® or ¢; of Eqs. (38) 
and (39) above. The latter correspond to Eq. (17a) of reference 2, 























































TABLE V. LCAO parameters ap and Boy. 
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Value (ev) 
Parameter cis- trans- 
Qa —5.16 —5.26 
a —6.32 — 6.33 
Bab —7.01 — 6.84 
Boc —3.29 —3.27 
Bac — 1.03 —1.03 
Baa +0.44 +0.36 








Excitation energies computed from these formulas for 
cis- and trans-1,3-butadiene are given in Table IV. 

One might think that a better approximation to 
excited state wave functions and energies could be ob- 
tained by taking only the orbitals for uwnexcited elec- 
trons from the ground state orbitals ¢; and ¢2 of Eq. 
(29), and determining better orbitals for the excited 
electrons than $3 and ¢, of Eq. (29). This idea, however, 
is incorrect, since the only orbitals orthogonal to ¢; and 
$2 of Eq. (29) and of the desired LCAO form are just 
$3 and ¢, of Eq. (29),'* and it is a prerequisite of simple 
energy formulas such as Eq. (39) that the molecular 
orbitals be orthogonal. 

Nevertheless, best SCF orbitals for use in an excited 
state wave function should minimize the energy of that 
state (subject to orthogonality of the total wave func- 
tion to lower state wave functions), and not be derived 
from a ground state energy-minimizing secular equation, 
as the Eq. (29) orbitals are. This implies that (as a re- 
sult of the altered self-consistency requirements) the 
coefficients in the best orbitals ¢; and @2 will differ 
somewhat from their values for the like-designated 
ground-state orbitals in Eq. (29); concurrently, the 
coefficients in the best 3 or $4 will likewise differ from 
the values given in Eqs. (29). 

The equations for the coefficients in such a treatment 
are no longer as simple as Eqs. (16), but presumably 
they can be handled without prohibitive difficulty. We 
will discuss the derivation of these equations and their 
application to butadiene in a later paper.'*!* We shall 
there also examine the so-called “ionic Hamiltonian” 
method of Mulliken, which works directly with the 
quantities ¢;‘? in Eq. (39). 


DISCUSSION 


In semi-empirical LCAO schemes for treating buta- 
diene, a secular equation similar in form to Eq. (19) is 


while Roothaan’s e’s correspond to Eq. (17); Eqs. (17) and (17a) 
become identical for ground state e’s, but only for these. 

18 Just as the Roothaan LCAO SCF theory for a closed-shell 
ground state parallels the Hartree-Fock SCF theory for such a 
state, so a LCAO SCF theory for T and V states such as those 
represented by Eqs. (36) and (37) may be patterned after the 
corresponding Hartree-Fock theory. The latter has been given by 
D. R. Hartree and W. Hartree in an article on excited states of 
Be, Proc. Roy. Soc. A154, 588 (1936). 

19 Perhaps easier than separate minimization of T and V energies 
would be minimization of their center of gravity. The correspond- 
ing Hartree-Fock theory has been discussed by G. Shortley, Phys. 
Rev. 50, 1072 (1936). 








S. MULLIKEN 
usually considered, but excitation energies are approxi- 
mated by differences in the roots ¢; alone. Our discussion 
above in connection with Eqs. (38) and (39), and the 
numerical values in Table IV, show that this is not a 
valid way to proceed from Eq. (19) theoretically, so 
that our secular determinant elements L,, should not 
be associated directly with corresponding quantities 
determined semi-empirically.” More explicitly, one 
may define LCAO parameters 


Ayp=L yp (40) 
and” 


Bpq=L pqg— (S pq/2)(Lppt+Laq); (41) 


and relate the L,, to the L,,’ through the use of Eqs. 
(20). If 24 one assumes 


Wop= — 11.28 ev, (42) 


one then obtains the numerical values given in Table V, 
but these do not refer to the same thing as semi- 
empirical a,- and 8,,-values do.” The Table V values 
may legitimately be compared with theoretically de- 
termined values for other molecules,”* however, and 
are in fact in reasonable accord with them.” 

One would not expect that the ground state orbitals 
given in Eqs. (29) would agree quantitatively with ones 
obtained semi-empirically, but the agreement is in 
fact fairly good; up to normalizing factors Lennard- 
Jones, for example, found?* 


$1=0.401(xa+ Xa) +0.582(x6+ Xe) (43) 
$2= 0.582(xa— xa) +0.401 (xe— xe) 


which are almost the same as our orbitals. 

Theoretical first ionization potentials J, for our mole- 
cules can be computed very easily from the results in 
Table III. According to Mulliken,” 


Jy €2. (44) 
Hence, from Table III and Eq. (42), we find 


—W.2,—1.620 =9.66 ev for cis- 
Iy~ ° (45) 
—Woe,—1.599 = 9.68 ev for trans- 


The experimental value (probably for trans-)*4 is 
J, (exper.)=9.0 ev. (46) 


20 See reference 4 for a discussion of the faults of the semi- 
empirical method, and for a discussion of the variously defined 
a’s and #’s, their meanings, their interconnections, and (set 
especially Table XVIII) their values in various molecules. The 
a’s and #’s in Table V are w’s and 6”’s in the notation of refer- 
ence 4. 

21 See reference 2, Eq. (29). 

2% The most striking feature of our calculated f’s is that non- 
neighbor #’s are important, of our a@’s that a’s on end and central 
atoms differ (cf. also reference 4, Tables XV and XVIII; and con- 
cluding section of reference 3 in 1949-50 ONR report). 

23 See. R. S. Mulliken, J. Chem. Phys. 7, 121 (1939), Table Il, 
for a summary of semi-empirically determined LCAO’s for 1,3 
butadiene, and references to the literature. 

24R. S. Mulliken, Rev. Mod. Phys. 14, 265 (1942), corrected 
for new values of fundamental constants. 
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x-ELECTRON LEVELS OF BUTADIENE 


The agreement is very encouraging, and is similar to 
agreements found in similar computations on other 
hydrocarbon molecules.”® 
At first sight, the ground state electronic energy 
values Ey of Eq. (35) would seem to predict cis- to be 
more stable than ¢rans-1,3-butadiene by 0.85 ev. This 
interpretation is not justified, however, since the fotal 
energies (say Wy) of the two isomers include inter- 
nuclear repulsion terms which differ for cis- and trans- 
1,3-butadiene. These repulsion terms would appear as 
parts of the total energy Wwy°* of the 7-electron-less 
framework, giving 
Wn=Wy'‘'+En (47) 


for the total energy of the neutral molecule. Although 
we do not know the Wy° values, the difference between 
Wy° for cis- and trans-forms can probably be obtained 
with little error by treating the core, for this purpose, 
as a system of four point charges +e located at the 
centers of the four carbon atoms, and then taking 


W y(cis-) — W ny (trans-) = [|W y°(cis-)—Wy°(trans-) | 
+[Ey(cis-)—Ey(trans-)]. (48) 


It is readily seen that all the repulsion terms are the 
same for cis- and trans-, except for those between the 
end atoms a and d. With the geometrical model speci- 
fied at the outset of this paper, the distance Raa is 
2.97A for cis- and 3.72A for trans-, giving 4.84 or 3.87 ev 
as the respective electrostatic repulsion energies. Taking 
the difference, and also using Eqs. (35) and (48), we 
have 
W w°(cis-) — W w°(trans-) = +0.97 ; 
Ey(cis-)— Eny(trans-)=—0.85; 
W w(cis-)— Wy(trans-)=+0.12. 


Our prediction is then that the ¢rans-form is more stable 
than the cis- by 0.12 ev. This result seems to be in agree- 
ment with the weight of experimenta! evidence.** It 
also agrees with a result obtained earlier by Mrs. C. A. 
Rieke and one of the writers in computations by the 
semiempirical LCAO method.” 

So far as excitation energies are concerned, our results 
fall in line with those previously found for other mole- 
cules."?° If the mean energy of any singlet and its 
corresponding triplet state is called EH ry, then the theory 
[cf. Eq. (39) for butadiene ] gives 


Evi; 


=Ervi;tKi;. 
Er;; 


(49) 


Just as in other cases where LCAO computations have 
been made (H2, C2Hs, CeHe), the computed singlet- 
triplet separations (2K;;) are too large for butadiene, 
indicating that the LCAO method is unreliable for the 
computation of the K;;’s, or else that other factors enter 





*® References 2 to 4; for a summary of values see reference 4, 
Table XIX. 

.* Aston, Szasz, Woolley, and Brickwedde, J. Chem. Phys. 14, 
67 (1946). 
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to modify Eq. (49).”” But if, as in the other cases,”* we 
use for butadiene the computed mean values E ry (cf. 
last lines in Table IV) and replace K;; by a reasonable 
estimated effective value ” (say 0.5 ev), we obtain 5.9 
and 6.2 ev for the lowest singlet excitation energies of 
the cis- and trans-forms, respectively, as compared with 
the observed value 6.0 ev. The similarly obtained 
values 8.6 and 8.7 ev for the next lowest singlet excita- 
tion energy may be compared with the probable ob- 
served value™ of 7.2 ev. It will be interesting to see the 
singlet-triplet splittings which result when T and V 
energies are separately minimized.” 

There are several reasons why the numerical values 
we have obtained should not be regarded as final: 


(1) Best orbitals and energies should really be determined by a 
method which includes inner shell electrons explicitly, i.e., by 
Roothaan’s complete scheme.’ This would incidentally remove the 
limitations imposed by our arbitrary assumption that the z-elec- 
tron-less core consists of neutral hydrogen atoms and singly 
charged carbon atoms. 

(2) The forms of the AO’s which are used in constructing the 
LCAO MO’s should themselves be determined by a variational 
procedure, at least for the valence AO’s. The Slater 2p AO’s with 
Z=3.18 which we have used might thus need to be strongly 
modified.*° 

(3) Approximations are necessary at the present time for the 
evaluations of three-center and penetration integrals (see Ap- 
pendix) and orbitals and energies are sensitive to these values. 


Our results should be at least semiquantitatively cor- 
rect, however, and so may be regarded as a “go” sign 
for work with LCAO SCF methods on other molecules.” 


APPENDIX: INTEGRALS 


The integrals we need are overlap, Coulomb-ex- 
change and core integrals involving the atomic orbitals 
Xp, which we take in the form (in atomic units) 


Xp" = (Z°/32m)'2” exp(—Zr,”/2), (Al) 


where 2” is the perpendicular distance of electron v from 
the plane of the molecule, 7,” is the distance of that 
electron from the pth carbon nucleus, and the screening 
constant Z is taken to have the value 3.18. Numerical 
values are given in Table I. 

Overlap integrals S,, between the various x’s may 
be computed from well-known formulas.” 

The Coulomb-exchange integrals J ¢,, which involve 


27 Cf. reference 2, Eq. (22) and accompanying discussion. 

28 For comparison of computed and observed Ery values for 
Hz, CoHy, and CeHe, see reference 4, Table XIX. For Ha, the true 
Ev—Er is known from accurate theoretical calculations; for 
C2H, (reference 24) and for CsHe [cf. Roothaan and Mulliken, 
J. Chem. Phys. 16, 118 (1948) ] approximate values are known 
from spectroscopic evidence. ; 

29 In the case of the Be atom, Hartree and Hartree (see reference 
18) found a definite improvement when T and V energies were 
separately minimized. However, the improvement was not as large 
as would be needed in the present case. 

80 Note that the Slater 2p AO’s differ markedly from the best 
(SCF) AO’s of the free carbon atom [cf. e.g., Mulliken, Rieke, 
Orloff, and Orloff, J. Chem. Phys. 17, 1248 (1949) 7]. 

31 Cf. reference 4, Section 27, for some further general discussion. 

# Cf. R. G. Parr and B. L. Crawford, Jr., J. Chem. Phys. 16, 
1049 (1948). 
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no more than two different x’s may be found by inter- 
polation in a table of Parr and Crawford (as slightly 
revised by Roothaan*) ; in a slight modification of their 
notation, 


J pere™ (XaXr| XoXe): (A2) 


The J pqrs’s which involve three or more different x’s 
must be estimated—we have used the approximation 
formula (due to Sklar*) 


(xpXxr| XaX2)~S prSas(Xp'Xp' | Xa’Xa’)s (A3) 


where x,’ is a Slater 2px-carbon AO taken as located 
midway between atoms # and 7, x,’ is a Slater 2p7-AO 
located midway between atoms gq and s, and S,, and 
Ss are overlap integrals between the indicated x’s. 

Core integrals cannot be evaluated so accurately. 
According to Eq. (12), these are defined by 


Imm f xp*"(T’+ U.’)x_"dr’, (A4) 


where T” is the kinetic energy operator for electron v 
and U,” is the potential energy for electron vy in the 
field of the 2pz-electron-less core. The difficulty lies in 
the U,” term. Following Goeppert-Mayer and Sklar,® 
we assume that the hydrogen atoms may be ignored, 
and write U,” as a sum of contributions from the four 


83C, C. J. Roothaan (unpublished work)—see reference 5. 
Some of Parr and Crawford’s Coulomb integrals are in error by a 
few units in the fourth decimal. 

34 A. L. Sklar, J. Chem. Phys. 7, 984 (1939). For another useful 
but perhaps slightly less accurate formula, see Mulliken, reference 
4, Eq. (154b). 

3 M. Goeppert-Mayer and A. L. Sklar, J. Chem. Phys. 6, 645 
(1938). See also reference 2 for further discussion, including an 
estimate of the effect of the H atoms in C2H; and C2H». 


G. PARR AND R. S. 
















































MULLIKEN 
carbon atoms, each once ionized, giving 


4 
U.=>, U,’. (A5) 
p=1 
Here U,” is the potential of electron y in the field of 
the pth carbon atom less its 2p7-electron, and 
U,” = u,%— f (e?/r”) | Xp"|*dr*, (A6) 
where U,"” is the potential of electron » in the field of 
the neutral pth carbon atom, for which Goeppert- 


Mayer and Sklar have given an approximate expression. 
Using the relation 


(T+ U,”)xp’= Wepxp’, (A7) 
where W2, is the energy of a 2pz-electron in a carbon 


atom in its tetravalent valence state,” we then ob- 
tain, relative to W2, as the zero of energy, 


Tpqg=— DX [(Ar: xpxXq) +(xXpXe] Xrxr)], (AB) 


rT, #@ 


where the quantities 
(A+: XpXq) = -{ U,"'Xp*’xq’dt” (A9) 


are “penetration integrals.”” Values for two-center 
penetration integrals based on Goeppert Mayer and 
Sklar’s U,°” may be found in the paper of Parr and 
Crawford ;® for three-center penetration integrals one 
may employ the formula . 


(A,: XpXq)~S pq(A r: Xp’Xp’)s (A10) 


where xp’ is a Slater 2p2-AO located midway between 
atoms # and q. 
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The appearance potentials of CN* in the mass spectra of HCN 
and (CN)2 have been remeasured and found to be 19.3s+0.2 and 
20.3:4+0.2 ev, respectively. Combination of the appropriate 
thermochemical data with the difference between these energies 
yields, D(/(NC— CN) =6.8s—2E(Z) ev where Z is the state of the 
CN radical either X?Z* or A*II;, that accompanies CN* from 
(CN)2, and E(X?Z*) =0.00 ev and E(A*II;) =1.13 ev. The appear- 
ance potential of Cl* in the mass spectrum of CICN has also been 
measured and found to be 17.8,+0.2 ev, which value gives 
D(NC—CN)=6.92—2E(Y) when combined with the spectro- 
scopic ionization potential of the chlorine atom and the necessary 
thermochemical data. Here Y is the state of the CN radical that 
accompanies Cl*+ from CICN. In order that the two determinations 
of D/(NC—CN) be consistent it is necessary that Y=Z and then 
the two permissible values of D((NC—CN) are 6.%+0.2 ev 
(Y=Z=X?E*) or 4.6,40.2 ev (Y=Z=A7Il;). These results do 
not permit a choice between White’s determination, 6.30.2 ev, 


and Pauling’s estimate, 3.9+-0.6 ev, but do serve to eliminate from 
further consideration the determination by Kistiakowsky and 
Gershinowitz, 3.3 ev. Neither value is compatible with the 5.2 ev 
suggested by Glockler. However, electron impact data on ethylene 
and methylene radical give 5.6 ev as the upper limit to energy of 
dissociation of ethylene into two methylene radicals, and this can 
be taken as an upper limit to the dissociation energy of cyanogen, 
suggesting the lower of the two possible values of D/NC—CN) to 
be correct. Corresponding to this lower value of D(NC—CN), 
4.6,+0.2 ev, the dissociation energies of H—CN and CI—CN are 
4.8o+0.1 and 3.66+0.1 ev, respectively, and the ionization poten- 
tial of CN is 14.5;+0.2 ev. 

The specific intensities of the various ions in the mass spectra 
of (CN)2, HCN, and CICN characteristic of 75-volt ionizing 
electrons are given with reference to that of At in the argon mass 
spectrum. 





INTRODUCTION 


WO experimental determinations of the heat of 
dissociation of cyanogen, D(NC—CN), differ by 
a factor of about two, 3.3 ev! and 6.3 ev,? and Pauling?’ 
has recently suggested the value 3.9 and Glocker* has 
suggested 5.2 ev on theoretical grounds. A]Jthough the 
electron impact methods‘ of determining dissociation 
energies in di- and polyatomic molecules are not en- 
tirely unambiguous, when carefully applied, they do 
yield values which are in agreement with the results of 
other methods. In view of the wide variety in the values 
of D(/(NC—CN) which have been suggested it seemed 
probable that the electron impact method should at 
least permit selection to be made between the suggested 
values if it could not yield a definite value by itself. 
Two independent electron impact methods of esti- 
mating D(NC—CN) suggest themselves. These are the 
“indirect method’ ® employing the difference between 
the appearance potentials of CN*+ in the mass spectra 
of HCN and (CN), in combination with the appropriate 
thermochemical data, and the “direct method’’® em- 
ploying the difference between the spectroscopically 
determined ionization potential of the chlorine atom 
and the appearance potential of Cl* in the mass spec- 





'G. B. Kistiakowsky and H. Gershinowitz, J. Chem. Phys. 1, 
432 (1933). 

*J. U. White, J. Chem. Phys. 8, 459 (1940). 

a — Pauling and W. F. Sheehan, Jr., Proc. Nat. Acad. 35, 359 

** G. Glockler, J. Chem. Phys. 16, 600 (1948). 

*D. P. Stevenson, J. Chem. Phys. 10, 291 (1942). 

* For comparison of various methods applied to diatomic mole- 
cules see H. D. Hagstrum, Phys. Rev. 13 947 (1947), while for 
hydrocarbons see E. W. R. Steacie, Atomic and Free Radical 
Reactions (Reinhold Publishing Corporation, New York, 1946), 
pp. 76-79, 

‘J. A. Hipple and D. P. Stevenson, Phys. Rev. 63, 121 (1943). 
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trum of CICN in combination with the necessary 
thermochemical data. To the extent that the values of 
a dissociation energy determined by these two methods 
agree, considerable confidence can be placed on the 
reliability of the determination. 

With the foregoing facts in mind the necessary meas- 
urements on cyanogen, hydrogen cyanide, and cyanogen 
chloride were undertaken, and are reported in this 


paper. 
EXPERIMENTAL 


Small samples of the three compounds were prepared 
from J. T. Baker Chemical Company c.p. potassium 
cyanide. Hydrogen cyanide and cyanogen were prepared 
by the addition of saturated aqueous solutions of the 
cyanide to sulfuric acid (30 percent) and concentrated 
cupric sulfate solution in water, respectively. Cyanogen 
chloride was made by the action of chlorine, generated 
in situ, by the reaction of hydrochloric acid with potas- 
sium chlorate, on the cyanide. 

The initial product in each case was contaminated 
with carbon dioxide resulting from the potassium car- 
bonate impurity of the cyanide. The carbon dioxide 
content of the hydrogen cyanide was reduced by a 
vacuum distillation in which a generous portion of the 
sample was pumped off at —78° and discarded. No 
effort was made to remove this impurity from the 
samples of cyanogen or cyanogen chloride since carbon 
dioxide is incapable of giving ions that would interfere 
with the measurements. 

Hydrogen cyanide was removed from the cyanogen 
and cyanogen chloride preparations by treatment with 
cold aqueous silver nitrate and dry zinc oxide powder, 
respectively. All three materials were dried with anhy- 
drous calcium chloride. 

































1348 D. 


TABLE I. Impurities in HCN, (CN)2, and CICN samples. 
Percent m, mass spectrometrically determined. 











Sample 
Impurity HCN (CN): CICN 
CO, 1.75 4.1 22.1 
HCN M.C.> 0.02 0.16 
(CN): <0.002 M.C.> 1.8; 
BrCN* Mea dss 0.15 
HCl <0.05 








* Identified and estimated from intensities of ions. m/qg=107 and 105° 
Sensitivity estimated from that of CICN (Table IV) by multiplication of 
the latter by the ratio of the sensitivity of krypton to that of argon (see 
Table IV). 

b M.C, = Major component. 


The concentration of the impurities determined mass 
spectrometrically, in the samples upon which the ap- 
pearance potential measurements were made, are shown 
in Table I. Although the purity of the cyanogen chloride 
sample left much to be desired, the absence of hydrogen 
chloride assured no interference with the measurements 
on ClI*, which were of primary interest. 

The ionization efficiency curves from which the ap- 
pearance potentials were determined from the “initial 
breaks,’”’’ were measured by recording the appropriate 
region of the mass spectrum at a series of settings of the 
apparent ionizing electron energy starting a number of 
volts above the onset of observable current of the ion 
of interest and extending at least one volt below the 
onset of observable current. For the measurements on 
CN? the voltage scale was calibrated by observing the 
onset of observable current of Net through the simul- 
taneous admission of neon with the HCN or (CN)e. In 
these cases the mass spectrum was recorded each time 
across the range 18< m/q< 29. In the case of the meas- 
urements of Cl* the voltage scale was calibrated through 
simultaneous measurements on A* from co-admitted 
argon, the mass spectrum being scanned across the 
range, 32<m/q< 44. A minimum of four series of meas- 
urements were made on each ion. 

The mass spectrometer used in this investigation is a 
Westinghouse, Type LV. The mass spectra were 
scanned by varying the magnetic field through the 
appropriate range for a positive ion accelerating poten- 
tial of 1000 v. A positive ion drawing out potential of 
5.0 v was used throughout. The ionizing electrons 
(10 wa) were taken from a Wolfram filament driven and 
controlled as described by Hipple, Grove, and Hickam.’ 
The apparent ionizing electron energy was adjusted by 
means of a 15-turn, 33-in., 50,0002 Helipot and read on 
a Weston, Model 622, 10002 per volt meter. The 
guaranteed precision of this meter is +0.5 percent at 
full-scale deflection and all voltage settings were made 
with the deflections in the upper half of the range, by 
selection of the proper range shunt. As judged from the 


7 (a) L. G. Smith, Phys. Rev. 51, 263 (1937). (b) D. P. Stevenson 
and J. A. Hipple, ‘ibid. = 237 (1942). (c) T. Mariner and W. 
Bleakney, ibid. 72, 807 (1947). 

8 J. A. Hipple, J. po = 13, 551 (1942). 
® Hipple, Grove, and Hickam, Rev. Sci. Inst. 16, 69 (1945). 
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TABLE II. Appearance potentials of CN* and Cl*. 











Previous 
Molecule Ion (J*) A(I*) ev measurements 
HCN CNt 19.3,.+0.2 20.1+0.2* 
(CN): CNt 20.3:+0.2 21.340.3,> 18¢ 
CICN Cl* 17.8,+0.2 — 








® Kusch, Hustrulid, and Tate, Phys. Rev. 52, 843 (1937). 
b Tate, Smith, and Vaughan, Phys. Rev. 48, 525 (1935). 
¢ Dorsch and Kallman, Zeits. f. Physiks. 60, 376 (1930). 


reproducibility of ion current measurements in the 
range of their rapid increase, the voltage settings are 
reproducible to +0.02 v. 

From the agreement of the difference between the 
apparent appearance potentials of A+ and Net with 
the difference between the spectroscopic first ionization 
potentials of argon (15.76 ev) and neon (21.56 ev),"” it 
is concluded that the differences between appearance 
potentials are accurate to +0.1 ev and the accuracy of 
the absolute voltage scale is +0.2 ev. 

The ionization efficiency curves from which the ap- 
pearance potentials shown in Table II were deduced are 
shown in Fig. 1. 


DISCUSSION 


As was mentioned above, the appearance potentials 
were taken equal to the ionizing electron energy corre- 
sponding to the first detectable positive ion current, 
the vanishing-current method.’ Equality of sensitivity 
was achieved for the ion CN+ [both HCN and (CN).|, 
Cl*, and Net through the use of equal pressures of the 
gases in the reservoir. The much greater cross section 
of argon for production of At than of the other gases for 
production of the other ions of interest was comper- 
sated for by plotting one-tenth the A* current observed 
at the same argon pressure as for the other gases. It is 
believed that the systematic difference between the 
values obtained for the appearance potentials of CN* 
and those of Tate and co-workers" arise from the use 
by the latter of the linear extrapolation method of 
interpreting ionization efficiency curves.” When the 
linear extrapolation method was applied to our data the 
appearance potentials of CN* were found to be 19./; 
+0.2 ev (HCN) and 20.8)0.2 ev (CN)2, which agree 
with the previously published values" within the com- 
bined limits of error. Inasmuch as the appearance poter- 
tials of CN+ in HCN and (CN), are to be combined by 
difference in computing D(NC—CN) (see below), the 
choice of method of determining the appearance poter- 
tials would have little effect on the value obtained for 
the dissociation energy. However, such would not be 
the case when the datum on CI* from CICN is employed, 
since this datum is to be combined with a spectro- 


1 C. E. Moore, Atomic Energy Levels. Circular C-467 of the 
National Bureau of Standards (1949). 

11 See Table II, references (a) and (b). 

2 See reference 7c for a thorough discussion of the probable 
= of the appearance potentials deduced by the two 
methods 
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scopically determined ionization potential rather than 
an electron impact appearance potential.” As will be 
seen below, the choice of the vanishing current method 
results in complete agreement between the two calcula- 
tions of D(NC—CN). 

The heats of formation, AH/°(25°C), of HCN (gas), 
(CN)2 (gas), and CICN (gas) from the elements are 
1.35, 3.20, and 1.50 ev, respectively.* The dissociation 
energies, D(A—A), of Hz and Clo, are 4.48 and 2.48 ev,® 
respectively, and the ionization potential"® of Cl, J#(Cl), 
is 13.01 ev. We may write for the electron impact 
induced ionization and dissociation reactions, 


HCN+e—CNt+H-+2e-;; 
A,;(CNt)=D(H—CN)+J/*(CN) (1) 


(CN)o+e—>CNt+CN(Z)+2e-; (2) 
Ax(CN+)= D(NC—CN)-+14(CN)+E(Z), 


where Z is the electronic state of the neutral CN radical 
formed in (2). From the magnitudes of A;(CN+) and 
A»(CN*) and the expected magnitudes of J#(CN), 10-15 
ev, D(H—CN), 4-5 ev, and D(NC—CN), 3.5-6.5 ev, 
it follows that the H [Eq. (1) ], and the CN+ [Eqs. (1) 
and (2)], are in their lowest electronic states. The 
formation of H, 2, would require A; to be ~10 ev 
larger than is observed. By analogy with Ne, the first 
excited state of CN* would be expected to be 5 to 7 ev 
above the ground state,’ and this too would require 
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Fic. 1. Ionization efficiency curves. I. CN+ from HCN. 
II. CN*t from (CN)>. III. Cl* from CICN. 





See reference 6 for a similar situation in the estimation of 
D(CH;—H) and D(C:Hs—H) from various electron impact data. 
_ Tables of Selected Values of Chemical Thermodynamic Proper- 
es (National Bureau of Standards). The conversion factor, 1 
ev/molecule= 23.06 kcal./mole, was used. 

*G. Herzberg, Molecular Spectra I (Prentice-Hall, Inc., New 
York, 1939). 

'*L. Pauling, Zeits. f. Naturforschung 3a, 438 (1948). 


TABLE III. Dissociation energies of HCN, 
(CN)s, and CICN in ev. 








Z E(Z) D(NC-—CN) D(H-CN) D(CI—CN) I7(CN) 


(CN), and CICN in ev. 
X*Z* 0.00 6.9 40.2 5.9440.1 4.7540.2 13.4.4+0.2 
A; 1.13% 464+0.2 4.81401 3.6640.2 14.55+0.2 











®G. Herzberg, Molecular Spectra and Molecular Structure, I, Spectra of 
Diatomic Molecules (Van Nostrand Company, Inc., New York, 1950), 
second edition, p. 520. 


higher values of A,(CN+) and A2(CN*). However, on 
a priori grounds the neutral CN of Eq. (2) could be 
equally well in either the X*2*-ground state or the 
A’I]; first excited state with E(A*II;)=1.13 ev. As has 
been found to be satisfactory in numerous other similar 
cases,® the possibility that A,(CN*) and/or A2(CN*) 
are greater than the indicated sums is ignored. 
Combining Eggs. (1) and (2) with the following: 


4Ho+Cyrapht3N2=HCN AHf°=1.35ev (3) 
2Cgraph+N2=(CN)2 AHf°=3.20ev (4) 


H.= 2H D(H2)=4.48 ev (5) 
we find, . 


(CN)2=2 CN(Z) 
AH,=4.98+2(A2(CN*+)—A,(CN*)) 
AH,= D(NC—CN)+2E(Z) (6) 
AHs= 6.83:+0.2 ev 

and 


HCN=H+CN(Z) 
AH;=4.98+ A2(CN/)—A;(CN*) 
AH;= D(H—CN)+E(Z) (7) 
AH;7= 5.9,+0.1 ev. 


Similarly, 
Cgraph +3 Cl.+4 N2= CICN 

AH f°=1.50 ev (8) 
Clh=2Cl D(Cl)=2.48 ev (9) 
Cl=Ci*¥+ «— 

I#(Cl) = 13.01 ev (10) 


CICN+e—= CI*+CN(Y)+2e- 
Ay(CI*)= D(CI—CN)+J*7(CD)+E(Y) (11) 


and thus 


(CN)e=2CN(Y) AHi=2A(CI*)—28.70 
AHy».=D(NC—CN)+2E(Y) (12) 
AH j2=6.92+0.2 ev 


CICN=CI+CN(Y) 
AH,3= A(CI*)— 13.01 
AH,;= D(CI—CN)+ E(Y) (13) 
AH,3= 4.85+0.2 ev 


The virtua] identity of AHs and AH}: provides reason- 
able ground for accepting the assumption of the equality 
of the sums written for A,(CN*), A2(CN*), and 
A,,(CI*), and further that the neutral CN formed by 
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TABLE IV. Mass spectra* of HCN, (CN)2, and CICN. 75 ev, 
55°C magnetic scan, 1000-v ion acceleration. 











Ton m/q Ne HCN A (CN)2 CICN Kr 
Kr* 78, 80, 82, 83, 84, 86 1.61 
CICN* 64, 63, 62, 61 1.51> 
C2N2* = 53, 52 1.220 
Ccic* 50, 49, 48, 47 0.0154 
mr? 39, 40, 41, 414, 42, 43 0.290 
At 40 1.000 
C:Nt 39, 38 0.0175 
Ci* 37, 35 0.0386 
CICN** 32, 31}, 31, 30} 0.0491 
Net 8 0.0006 
HCNt+ 28, 27 0.736 
C2N2** 264, 26 0.0441 
CNt 27, 26 0.0813 0.0580 0.0179 
C2* 25, 24 0.0229 
Att 20 0.133 
Net 22, 20 0.159 
Nt 15, 14 0.0015 0.0031 0.0012 
HCN*t+ 14, 134 0.0053 
CH* 14, 13 0.0022 
or 13, 12 0.0048 0.0151 0.0058 








® The intensities are in arbitrary units for unit pressure gradient across the effusive 


“inlet leak. 
b Ratio, *CICN*/%5CICN+=0.322+.0.001. 


(2) and (11) are in the same state, i.e., Z=Y. Thus 
corresponding to the possible states of CN, we obtain 
for the three interrelated dissociation energies the values 
shown in Table III. The corresponding values of 
I*(CN) from Eq. (1) are also shown in Table ITI. 

The second excited state of CN, B’2*, with the 
energy, E(B?=+)=3.22 ev is excluded from considera- 
tion since this would require of D(NC—CN) the im- 
possibly low value 0.4¢ ev. 

Observations on the long wave limit of the continuous 
absorption spectrum of cyanogen chloride substantiates 
the possible energies of Table III, but do not permit a 
choice to be made between them. Badger and Woo,!® 
set 2270A as the long wave limit to the absorption of 
cyanogen chloride. New measurements in this labora- 
tory permit raising this limit to 2450A. The continuous 
absorption, \<2450A, may correspond to either, 


CICN+hvCl(3p52P))+CN(X2E+) (14) 


CICN+h0Cl(3p52P))+CN(A2M,). (15) 


If the absorption is represented by (14), the long wave 
limit sets 4.96 ev as the upper limit to D(CI—CN), 
while if (15) holds, then 3.94 ev is the upper limit to 
D(CI—CN). The first of these limits is consistent with 
the electron impact dissociation energies corresponding 
to Z=X°=*, while the second is consistent with the 
electron impact values corresponding to Z= A’II;. 

The value of D/(NC—CN)=6.9 ev corresponding to 
Z=xX°*d* is not incompatible with the experimental 
value due to White,’ 6.3, while 4.6 corresponding to 
Z=A'Il; lies within the uncertainty estimated by 
Pauling® for his theoretical value, 3.90.6. The low 
experimental value of Kistiakowsky and Gershinowitz 
seems to be eliminated from further consideration by 
these data (Table ITI). 

In neither 1,3-butadiene nor vinyl chloride does the 


or 


asst. M. Badger and S. C. Woo, J. Am. Chem. Soc. 53, 2572 
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double bond character of the single C—C or CCl bond 
result in an increase in the dissociation energy.!” !* Thus 
the increases of 3.3 ev in D(C—C) and 1.3 ev in 
D(C—Cl) in the cases of cyanogen and cyanogen chlo- 
ride, respectively, over the values found in ethane and 
methyl chloride,!? which would be required by the 
larger possible value of D(NC—CN), seem excessive. 
However, the shortening of the interatomic distances, 
C—C=1.36A® and C—Cl=1.67A" from the normal 
single bond values, 1.54A and 1.76A, respectively, 
might well be expected to be reflected in an increase in 
the dissociation energies. A difference in behavior of 
bonds to CN and CoH; could easily be rationalized in 
the lesser possibilities of resonance stabilization of CN 
than of C:H3. Since the C—C distance in cyanogen is 
greater than normal double bond value,” 1.33A it seems 
reasonable to conclude that the dissociation energy of 
ethylene into two methylene radicals is an upper limit 
to the dissociation energy of cyanogen into two cyanide 
radicals. It is possible to calculate an upper limit to the 
dissociation energy of ethylene into two methylene 
radicals, as will be shown in the following paragraph. 

Smith” gives 15.7 ev as the appearance potential of 
CH,+ in the methane mass spectrum, and we may 
write: 


CHy+e—CH2++He+2e-, Ass(CH2t)=15.7 ev (16) 


Langer and Hipple” have found the ionization potential 
of the methylene radical to be 11.9 ev. Combining these 
data with the heats of formation of methane (—0.78 ev) 
and ethylene (+0.54 ev) we find: 


CeHy=2 CH2, D(H2C=CH2)=5.6ev (17) 


Inasmuch as the appearance potential, Ai»(CH:°*), is 
greater than or equal to the minimum energy required 
for (16), D(/H2C = CH2)=5.6 ev is an upper limit to the 
energy required for the dissociation of ethylene, (17). 
If we accept the conclusion that the energy of dis- 
sociation of ethylene into two methylene radicals is an 
upper limit to the energy required for the dissociation 
of cyanogen into two cyanide radicals, we conclude that 
the lower of the two values, 4.6,+0.2 ev (Table III), 
consistent with the electron impact data on the cyanide 
is the correct one. This of course requires that the 
cyanide radicals formed along with the cyanide ions 
(CN*) or chloride ions (CI*) from cyanogen or cyanogen 
chloride are in the first excited state, A*II;. It is not 
obvious to the author why electron impact induced 
transitions to levels above the dissociation limit of the 
states of (CN)s+ of CICN+ formed from X?Z+ of CN 
should not be observable. It is conceivable that the 
internuclear distances in the states of RCN+ (R=CI 
or CN+) formed from CN in X?2+ are equal to or less 
17 T), P. Stevenson, J. Am. Chem. Soc. 65, 209 (1943). 
18L. Pauling, Nature of the Chemical Bond (Cornell University 
Press, Ithaca, New York, 1939), pp. 203 and 200. 
19 J. Y. Beach and A. Turcevich, J. Am. Chem. Soc. 61, 299 


(1939). 
2 A. Langer and J. A. Hipple, Phys. Rev. 69, 691 (1946). 
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than those in the ground states of the RCN and that 
the amplitude of the oscillations of the atoms in the 
ground state of the RCN give an insufficient number of 
molecules with sufficiently small internuclear distances 
to permit the observation of transitions to the con- 
tinuum of the lowest states of RCN*.”! A conceivable 
set of potential curves which would give rise to such a 
situation is shown in Fig. 2. It is clear (see below) that 
transitions to levels above dissociation limits are of 
limited probability since in both (CN): and CICN un- 
dissociated ions constitute in excess of 85 percent of the 
mass spectra (Table IV). 

If the conclusion that the appearance potentials, 
A,(CNt), and A;;(CI*), are associated with the forma- 
tion of CN A?®II; is correct, it would follow from the 
explanation for the non-observance of the process yield- 
ing CN X*2* that if a mass spectrometer of sufficiently 
high sensitivity were to be employed, this latter process 
should be observable. It is not apparent how much 
increase in sensitivity over that of currently available 
(commercial) mass spectrometers would be required. 

The mass spectra of HCN, (CN)2, and CICN charac- 
teristic of 75-v ionizing electrons and 55°C deduced 
from the mass spectra of samples available for this 
investigation are given in Table IV. The mass spectra 
are given in mono-isotopic forms, sums over isotopic 
ions having been taken where necessary. The mass to 
charge ratio, m/q, of the ions included in these sums are 
recorded in the second column of Table IV. 

The low dissociation probabilities of the ions of these 
cyanides indicate the temperature effect on the mass 
spectra of these compounds will be primarily that due 
to the change in kinetic energy (3/2kT) that accom- 
panies change in gas temperature.” Thus the parent ion 
sensitivities relative to those of the rare gases will be 
essentially independent of temperature, and these mass 
spectra should be transferable for analytical purposes to 
other mass spectrometers. However, due to the pro- 
nounced differences in the discrimination properties of 
the Westinghouse 2/2-sector analyzer mass spectrom- 
eter and the Consolidated Engineering Corporation 180° 
mass spectrometer these data should be used with cau- 
tion in the case of the latter mass spectrometer. The 
necessary correlation between the two types of mass 
spectrometer may be made through the sensitivities of 
the rare gases.”8 


"1 For a discussion of the effect of the motions in the ground 
state on the distribution of products in electron impact induced 
ionization and dissociation reactions, particularly of Hz: and Dz, 
see J. Chem. Phys. 15, 409 (1947). 

2D. P. Stevenson, J. Chem. Phys. 17, 101 (1949). 

*% Dibeler, Mohler, and Reese, J. Research Nat. Bur. Stand. 
38, 617 (1947). 
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R*+CN(A? DY) 


RCN*(2) 


R*+CN(X? 5%) 


POTENTIAL ENERGY 


R +CN(x?5*) 














R-CN DISTANCE 


Fic. 2. Schematic potential energy curves for cyanogen and 
cyanogen chloride (R—CN). The area under W;* to the left of 
O.F; measures the fraction of the molecules RCN capable of dis- 
sociating to R++CN(X?25*+) while the area under ;? to the left of 
OF, measures the fraction of molecules RCN capable of dissociat- 
ing to R*+CN(A?I;). If the area under WV? to the left of OF; 
is sufficiently small the ion current, R*, resulting from transition 
to the continuum of RCN*(1) may be below the limit of detection 
of a given mass spectrometer. The appearance potential of R* in 
the RCN mass spectrum is associated with the distance O2F»2. 


The relative contributions of the ions (CN).+* and 
CNt to the observed intensity at m/q=26 in the 
cyanogen mass spectrum were calculated from the ratio 
of the intensity of the ion m/q= 26} to that of the ion, 
m/q= 53 and the assumption that the isotope effects on 
ionization probabilities are negligible. It will be noted 
that in the 75-ev mass spectrum of cyanogen the current 
observed at m/q= 26 is about 42 percent due to doubly 
charged ions.* 
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* Since the above article was submitted for publication it has 
come to the author’s knowledge that Brewer and Templeton 
(private communication from Professor Leo Brewer) have found 
from thermal data the heat of dissociation of cyanogen to be 
114+10 kcal./mole (4.96--0.4 ev) in essential agreement with the 
electron impact value given above (June 27, 1950). 
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Ultrasonic absorption in various organic liquids at four different frequencies 1.00, 1.46, 2.89, and 4.00 Mc 
as well as their temperature coefficient of absorption (25°C to 60°C) have been studied by ultrasonic inter- 
ferometer. Liquids have been classified into four broad groups, Class I in which absorption due to changes 
in the heat content of the medium predominates, Class II in which absorption caused by structural changes 
in the quasi-crystalline structure of the liquid state predominats, Class III in which viscosity of the medium 
alone accounts for absorption and Class IV where absorption is not proportional to the square of 


the frequency. 





INTRODUCTION 


HE study of velocity of sound waves in the ultra- 
sonic range of frequencies in organic liquids has 
thrown some light on the chemical constitution and 
subsequent grouping according to their properties. The 
study of absorption too has revealed their peculiar 
characteristics. 

Ultrasonic absorption in various organic liquids has 
been studied by ultrasonic interferometer at 1, 1.46, 
2.98, and 4 Mc. The temperature coefficient of absorp- 
tion too has been studied. The procedure is exactly the 
same as followed by Fox and Rock (1937).! The details 
of apparatus have been given elsewhere.” 

As it has been already pointed out elsewhere,*~® 
ultrasonic absorption in liquids arises due to structural 
changes in the quasi-crystalline structure of the liquid 
state as well as due to changes in the heat content of 
the medium and it is a question of predominance of one 
over the other. So far as viscous liquids are concerned, 
the absorption is accounted for by the viscosity of the 
medium alone. 
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1F, E. Fox, Phys. Rev. 52, 973 (1937). 

2G. S. Verma, Proc. Nat. Acad. Sci. (Alld.), (1949). 

*R. N. Ghosh and G. S. Verma, Sci. Ind. Res. 8, 192 (1949). 

*R. N. Ghosh and G. S. Verma, Ind. J. Phys. 24, 125 (1950). 

5 G.S. Verma, Proc. Nat. Acad. Sci. (Alld.), Annual Session (50) 
Volume, (to be published). 
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The liquids which have been studied have been 
placed in four broad groups, Class I in which absorption 
due to changes in the heat content predominates, 
Class II in which absorption caused by compressibility 
of the medium predominates; Class III where the vis- 
cosity of the medium alone is responsible for the absorp- 
tion and Class IV in which absorption is not propor- 
tional to the square of the frequency. This classification 
is lent further support by the temperature coefficient 
of absorption. Liquids belonging to Class I have posi- 
tive temperature coefficients of absorption whereas 
liquids belonging to Class II and III have negative 
temperature coefficients of absorption, whereas it is 
positive as well as negative in the case of Class IV 
liquids during different range of temperatures. 


RESULTS 


Table I shows the values of the absorption (L/N 
X10" sec.? cm) of sound waves in the various organic 
liquids classed into four groups at different frequencies 
1, 1.46, 2.98 and 4.00 Mc. 

Table II shows the variation of L/N* against tem- 
perature (25°C to 60°C) for some of the representative 
liquids of first three classes and Table III shows the 
same for acetic acid. 

Table III shows the variation of L/N? against tem- 
perature (25°C to 60°C) for acetic acid at four different 
frequencies 1.00, 1.46, 2.89 and 4.00 Mc. 

Figures 1-5 show the plot of Z/N’ against temp- 
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TABLE I. L/N?X10" sec.? cm™. 


ULTRASONICS IN LIQUIDS 


TABLE II. L/N?X 10" (sec.? cm). 




















Liquid 1.00 Mc 1.46 Mc 2.89 Mc 4.00 Mc 
Class CS: 8345 8416 8431 8427 
I Benzene 916 940 920 937 
Methyl iodide 818 820 816 817 
CCl, 506 507 509 520 
Acetylene-di- 436 445 437 440 

chloride 

Chloroform 386 384 383 385 
Chlorobenzene 121 124 125 123 
Butyl chloride 116 115 113 116 
Heptane 86 85 84 87 
Nitrobenzene 82 83 81 85 
Toluene 92 91 93 94 
Hexane 75 77 76 78 
Xylene 76 77 76 79 
Acetone 74 66 65 68 
Ethyl bromide 63 62 64 65 
II Butyl alcohol 103 102 105 106 
Propy] alcohol 72 74 75 76 
Ethy] alcohol 52 53 56 54 
Methy] alcohol 36 38 35 39 

Water (distilled) 22.9 23.0 23.2 22.8 
III Transformer oil 105 104 103 106 
Paraffin oil 866 864 866 868 
Olive oil 1265 1256 1261 1258 
IV Acetic acid 41,000 18,000 5080 3250 
Amy] acetate 615 398 276 162 
Ethyl] acetate 516 376 268 193 
Methyl acetate 468 346 235 186 








erature for the above mentioned representative liq- 
uids. Figure 6 shows the same for acetic acid for the 
different frequencies. 


DISCUSSION 


Thus it may be noticed from Tables I and II that 
liquids such as CS2, CsHe, CH3I, CCl, acetylene-di- 
chloride, CHCl;, chlorobenzene, butyl chloride, hep- 
tane, nitrobenzene, toluene, hexane, xylene, acetone 
and ethyl bromide possess very high absorption (L/N? 
X10!”) of the order of 60-9000 and have positive tem- 
perature coefficient (with the exception of CCl,) 
whereas water and alcohols have very low absorption 
of the order 20 to 60 (leaving cases of higher alcohols) 
and have large negative temperature coefficient of 
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Liquid 25°C 30°C 358°C wc 45°C SOC SPC BC 


Benzene 940 961 982 1002 1021 1038 1054 1066 
Toluene 91 97 102 +106 109 112 114 += 116 





Ethyl 53.0 49.2 48 “469 45.9 45.2 446 43.9 
alcohol . 
Water 23 m4 174 135 138 122 i. Bs 


Olive oil 1256 1026 831 706 605 525 454 414 








TABLE III. Acetic acid. L/N?X 10" (sec.2 cm™). 








Fre- 

ones sc wc 38°C wWecsCt eC HC SSC 
1.00 Mc 42.3 51.2 55.5 55.4 46.7 33.6 31.9 28.8 
1.46Mc 18.7 248 306 33.2 31.6 308 29.3 26.1 
2.89 Mc pm | 8.6 124 148 17.4 186 21.3 20.2 
4.00 Mc 3.4 5.6 8.2 98 109 123 129 13.6 











absorption. They have been classified into two classes I 
and II. In the latter the absorption due to structural 
changes in the quasicrystalline state of the liquid viz. 
changes in the compressibility of the medium pre- 
dominates, whereas in Class I liquids absorption due to 
changes in the heat content of the medium predomi- 
nates. The changes in the compressibility (Af) of the 
liquid medium is expressed by 


AB=(V/2RT)*(AV/V)?/1+cosh(AF/RT), 


where AF is the structural energy change and AV is 
the change in the molar volume V due to transition of 
molecules from the equilibrium state to perturbed 
state. The change in the heat content (AC cal./mole) 
is expressed in the form 


AC=AH(dN/8T) 
and the absorption (L) is 
2° AC AB 
L/N?= “| p—Cv)+ —L 
VLC B 3(w*+ k?) 
where N is the frequency and V the velocity of sound 
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waves, C and 8, the equilibrium values of specific heat 
and compressibility, & the equilibrium reaction rate and 
w= 2N. Taking the particular case of benzene (Class [), 
V=1.3X10*° cm/sec., C=20 cal./mole. AC~11 cal./ 
mole, Cp—Cv= 10.8 cal./mole, k= -4X 10" sec.; L/N? 
< 10'7= 931. Take the case of water (Class II), B=38 
X10-”, cm?/dyne, AB=23X 10-" cm? dyne™, V = 1.48 
X 10° cm/sec., k= .46X 10" sec. ; (L/N?X 10!") = 17.7. 

In the case of viscous liquids such as transformer 
oil, paraffin oil and olive oil, etc. the absorption is 
of the same order as is expected by Stoke’s formula 
L=3nw*/pv® where p and 7 are the density and viscosity 
of the medium. These liquids also show large negative 
temperature coefficient of absorption. 

In all the above liquids, absorption is strictly propor- 
tional to the square of the frequency, viz. values of 
L/N? at different frequencies are constant. But liquids 
containing acetate radical such methyl acetate, ethyl 
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acetate, amyl acetate as well as acetic acid form an 
exception to this frequency law. They show a large 
variation from higher values at lower frequencies to 
lower values at higher frequencies. Their temperature 
coefficient of absorption at 4 Mc is positive but below 
this frequency it is positive, as well as negative which 
is apparent from Fig. 6. 
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Classical Thermodynamics and Reaction Rates Close to Equilibrium 
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For reversible reactions close to equilibrium the net reaction rate (r7—7) is shown to be proportional to 
AX, where X is any one of the thermodynamic functions, e.g., the Gibbs free energy, F, governing equi- 
librium under the conditions of the reaction, e.g., (r;—1r») =r; —AF/RT. The derived relationships are 
independent of the manner in which small displacements from equilibrium may be brought about. Equations 
are derived by which the magnitude of the forward (or backward) reaction rate at equilibrium may be de- 
termined with the aid of observations of the net reaction rate close to equilibrium. Since the magnitude of 
the former is a function of the kinetics of the reaction, measurements of the net reaction rate near equi- 
librium over a range of conditions may be used within specified limits to determine the kinetics of re- 


versible reactions. 





N a recent article, Prigogine, Outer, and Herbo! 

deduced relationships between the reaction rate 
close to equilibrium and the “affinity,”’ on the basis 
that there is an intrinsic connection between reaction 
rates and thermodynamic concepts. It is the purpose of 
this article to derive more general expressions for the 
reaction rate close to equilibrium on the basis of classical 
thermodynamics and to clarify the relations between 
thermodynamics and reaction rates. In keeping with 
classical thermodynamics, no connection between the 
magnitudes of reaction rates and the macroscopic 
thermodynamic functions will be implied, except for 
the acceptable but relatively trivial statements, that: 
(a) At equilibrium the rates of the forward and back- 
ward reactions are equal; i.e., the net reaction rate is 
zero, and (b) the direction of a reaction toward equi- 
librium is determined by the sign of the appropriate 
thermodynamic function as given by the Gibbs criteria.’ 


I. RELATION BETWEEN RATE AND FREE ENERGY 
NEAR EQUILIBRIUM 


Of the various thermodynamic functions, such as F, 
A, S, and E, we shall choose the Gibbs free energy, F, 
to illustrate the sort of relationships between net re- 
action rate and the thermodynamic functions which 
may be derived from statements (a) and (b). The term 
“reaction rate’’ will refer in all cases to a single over-all 
reaction. For any given over-all reaction it will not be 
necessary to know whether it takes place in one or in 
several steps nor will it be necessary to specify the 
mechanism in any way. In systems where several re- 
actions are simultaneously taking place as, for example, 
in the case of a pure substance at its triple point, it will 
be necessary to specify which reaction is under dis- 
cussion, for example, the solid-gas reaction. 

If AF denotes the change in the total free energy of 
the system per mole of reacting component when a 





* Physical Chemist, Bureau of Mines, Research and Develop- 
ment Branch, Office of Synthetic Liquid Fuels, Bruceton, Pa. 
P : orem Outer, and Herbo, J. Phys. Colloid Chem. 52, 321 


_ This statement appears to be identical with the DeDonder 
inequality, AvT’ >0. See reference 1. 


1355 


small amount of reaction takes place, we may in general 
express AF in terms of ” independent variables 


AF=AF(a, b, ---n), (1) 


where the variables are the temperature, pressure, and 
the individual activities of each of the molecular species 
which are written in the over-all reaction. For example, 
for a homogeneous reaction involving C molecular 
species’ in an inert medium n=C+2. We shall call 
these variables the ‘thermodynamic variables.’’ The 
net reaction rate, 7, for a reversible reaction may be ex- 
pressed in terms of these same variables and some added 
ones, 


r=r(a, b, ---n;u---3), (2) 


where u- - -z represent what will be denoted as the ‘‘non- 
thermodynamic”’ variables, the ones which affect the 
reaction rate but not the position of equilibrium.‘ 
According to statement (a), any set of values of a---n 
which makes AF vanish will also make r vanish, irre- 
spective of the values of u---z. Let us now consider a 
system at one of the many possible states of equi- 
librium, i.e., let us choose a particular set, @;, b;- + -ni, 
such that 


AF(a;---nj)=0; raj: + +i; Uy- + +3) =0. (3) 


Let us now go to any neighboring state of equilibrium 
by making arbitrary differential changes in the values 
of a;---(m—1); in such a manner that 6(AF)=0 and 
6r=0. The change in the remaining variable is now de- 
termined by these arbitrary changes and the constraint 
to equilibrium conditions, the system having (w—1) 
degrees of freedom. The total number of atoms in the 


’ Since the reaction is not necessarily restricted to equilibrium 
one considers every molecular species which appears in the stoi- 
chiometric equation. This is in contrast to the procedure in deter- 
mining the number of components in the Gibbs Phase Rule where 
the constraint to equilibrium reduces the number of independent 
variables. 

4 Examples of non-thermodynamic variables are: the area of 
catalyst surface or of the gas-solid interface in gas-solid reactions, 
catalyst poisons, and type of catalyst. 











1356 MANES, 


system need not remain constant. We can now write 














0(AF) 0(AF) 
6(AF) = da+-+-+ 5(n—1) 
da d(n—1) 
0(AF) 
bn=0, (4) 
on 
and 
or or 
br =—6a+---+ 5(n—1)+—én 
da d(n—1) on 
or or 
— -+-+—éz=0, (5) 
Oz 
where 








F =a n—1 F 
n= — (= ‘) =(~ "in, (6) 
On; 


Since at equilibrium the reaction rate will be zero, irre- 
spective of the values of the non-thermodynamic vari- 
ables, we may also write, 


or or 
(—) =(); (<) =0, etc. (7) 
OUT goon O27 an 


Therefore Eq. (5) becomes, 
or or 
br =—da+---+—én=0,5 (8) 
da on 


If now we eliminate the last terms from the simultaneous 
Eqs. (4) and (8) we get, 


[()-C) 
ea) 
or. *) fo. (9) 


This equation can be true for arbitrary values of 
da---6(n—1) only if each of the coefficients is equal to 
zero. Equating each of these to zero, we get 




















or/da or/an (10) 
[a(AF) ]/ aa ~ [a(aF) Van’ 
(2 doa) 
0(AF) (bes 0(AF) (a+++(n—1)) 
= x(a; **Ni, Ui’ Zi) (11) 


5 In both Eqs. (4) and (8) it is understood that a total number 
of (n—1) variables may be arbitrarily varied, but that one is not 
otherwise limited. For example one could just as well have varied 
b---+m arbitrarily and let 5a be determined by the constraint of 
equilibrium. 
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where x is a proportionality factor which depends on 
the particular values of all the variables, but which is 
independent of the manner in which the differential 
change in AF arises. Since the partial derivatives dr/da 
etc., and [0(AF) ]/da etc., are determined by the func- 
tions ry and AF in Eggs. (1) and (2), Eq. (11) must also 
hold for differential changes from equilibrium in which 
d(AF) and dr are other than zero. Writing the equa- 
tions for the total differentials of r and AF, and sub- 
stituting from Eq. (11) we have, for a change in 


(a: + +n), 














0(AF) 0(AF) or or 
r=%x da+---+% dn+—du-+++—dz, (12) 
da On Ou Oz 
0(AF) 0(AF) 
d(AF) = da+---+ dn. (13) 
da On 


Near equilibrium, the dependence of the nef reaction 
rate on the non-thermodynamic variables, as shown by 
Eq. (7), becomes negligible.* Therefore, for small varia- 
tions from equilibrium resulting from small changes in 
any or all of the thermodynamic variables, 


-2:) AF, (14) 


The sign of x is given by statement (b) as being opposite 
to the sign of AF. 

It follows from Eq. (14) that under the conditions 
where the stated assumptions hold, the net rate near 
equilibrium is directly proportional to the free energy 
change. Moreover, the proportionality factor will be 
the same for a given set of equilibrium conditions no 
matter which of the thermodynamic variables (e.g., 
activities, temperature, etc.) are changed. 

Equation (14) shows the limitations of the thermo- 
dynamic approach. Since « depends on factors which 
are not determined by thermodynamics, one cannot by 
Eq. (14) calculate absolute rates from thermodynamic 
data. The dependence of « on the particular conditions 
of a given state of equilibrium will best be discussed in 
a later paragraph, after the physical significance of this 
quantity has been discussed. 

The proportionality factor, x, appears to be identical 
with the “angular coefficient” of Prigogine et al.! The 
derivation given here is more general than the one 
given by these authors in that x is independent, for a 
given set of equilibrium conditions, of the manner in 
which the equilibrium is disturbed. Prigogine e¢ al. did 
indeed find this to be the case in their experiments, but 
considered it to be in excess of theory. 

It should be emphasized at this point that the rela- 
tionships thus far deduced follow in a formal sense from 
the fact that r and AF vanish together and would hold 
for any two functions similarly related. Under the 
proper conditions, therefore, as determined by the 


r=x(a;- . "Ni; Uj" . 


6 It is assumed that we are dealing with equilibria where the 
forward and reverse reactions take place at a finite rate and that 
no discontinuities appear in the region under discussion. 
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Gibbs criteria for equilibrium, the same type of rela- 
tionship would hold, for example, for AA, AE, AH, AS. 
The form of the free energy and rate functions will 
presently be examined and will be found to yield addi- 
tional information. 


I. THERMODYNAMICS AND RELATIONS BETWEEN 
THE RATE LAWS FOR THE FORWARD AND 
REVERSE REACTIONS 


If the respective rate laws for the forward and re- 
verse reactions are to apply over a given range of con- 
ditions, it is necessary that they do not contradict the 
thermodynamic description of equilibrium as stated in 
(a) and (b). Therefore these rate functions must satisfy 
the condition that for every set of the concentrations’ 
of the individual components which satisfies the ex- 
pression for the equilibrium constant, K, the values of 
the forward and reverse reactions obtained by substi- 
tution of these quantities into the rate law must be 
equal. Gadsby, Hinshelwood, and Sykes*® derived what 
were considered to be necessary relationships between 
the opposing rate laws. The concluded, in effect, that 
for the single-phase reaction 


aA+bB+:---—mM+nN-+-:-:-, (15) 


the rate laws for the forward and reverse reactions 
would have to obey the relationship, 





rz; ks(A)*(B)?--- f 
—= where —=K. 


= ; (16) 

rp ky(M)™(N)*--- ky 
In this equation the exponents of the individual con- 
centrations are identical with the stoichiometric co- 
efficients in (15). According to these conclusions, the 
rate law for the reaction in one direction determines 
the rate law for the opposing reaction and therefore the 
complete kinetics of the system. For example, if the 
forward rate law is of the form, 


oo k(A)*(B)8- --(M)&(N)F--- 
* wiL(A), (B), «++, (N), «+7 


where the exponents a, 8---£, ¢--- are to be determined 
experimentally and y is some complicated function,® 





(17) 





™ We shall assume activity coefficients equal to unity. 

* Gadsby, Hinshelwood, and Sykes, Proc. Roy. Soc. (London) 
187, 129 (1946). 

* The erroneous practice of writing the rate law for a reaction as 
17=ky(A)*(B)®--+ for the general case, i.e., of assuming that the 
Guldberg-Waage law of mass action holds generally, appears in 
the literature from time to time in spite of its implication that the 
kinetics of a reaction may in general be determined from the stoi- 
chiometric equation and without experiment. The assumption of 
the Guldberg-Waage law for the general case has been used to de- 
rive the correct expression for the equilibrium constant. This is in 
itself no proof of the correctness of the assumption. One notes that 
Eqs. (17) and (18) also yield the correct expression for the equi- 
—, constant, without in general satisfying the Guldberg- 
aage law. 
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then the reverse rate law must have the form 


ky(A)*-*(B)8-*- - - (Mm tt(V) "4. - 
_— » (18) 
WL(A), (B), tes (M), (NV), ie ‘J 


where k;/ky»=K and Ys=Yo. 

The derivation of Gadsby, Hinshelwood, and Sykes*® 
contains, as one step, the reasoning that if F; and F2 
(Eqs. (30) and (31), reference 8) are some functions of 
the concentrations of the reaction components, and if 
F,/F, has a constant value at every set of equilibrium 
conditions, then F,=F». We shall see that this state- 
ment, on which the derivation of Eq. (16) is based, is 
not necessarily true in the general case. Equation (16) 
therefore does not hold for the general case. For ex- 
ample, from the standpoint of thermodynamics we 
could write Eq. (15) as 


gaA+qbB+---=qmM+qnN+::-, 


where g is any positive quantity. Substitution of the 
new coefficients ga, gb, etc. into Eq. (16) leads to a new 
relationship for every value of g. Furthermore, one can 
show that different relationships between the opposing 
rate laws (different g’s) may apply in conceivable cases 
under different conditions. Consider for example the 
hypothetical reaction, 


Aot$B.=A>2B, 





(19) 


— (AB) 
where at equilibrium K=—————_ (20) 
(A2)(B2)! 
and which proceeds by the mechanism, 
Bx=B+B, (21) 
Ao+ B=A2B. (22) 


If reaction (21) is rate controlling one would have the 
rate laws 


k;(AoB)* 


—_—_——__, 23 
K*(A2)? = 


re=k;(B2), r= 


while if reaction (22) were rate controlling one would 


find 


ry=k(As)(Bo)!, ro=hy/K(A2B). (24) 


Both of these pairs of rate laws satisfy the conditions 
of equilibrium. Both cannot be simultaneously repre- 
sented by the results of Gadsby, Hinshelwood, and 
Sykes. Furthermore, some rate functions may exist 
which satisfy equilibrium conditions but which cannot 
be made to fit Eq. (16), no matter how one wrote the 
stoichiometric equation. Consider the case where re- 
action (20) is proceeding by the mechanisms leading to 
(23) and (24), where both mechanisms are operating 
simultaneously, in which case, 


ry= hy! (Bo) +ks(A2)(Bs)! (25) 






























































ky'(A2B)? ky” 

1») = ————_+—(A2B). (26) 

K*(A,)? K 
These rate laws satisfy the conditions of equilibrium 
for any values of k’ and k”’, but could not fit Eq. (16) 
no matter how one wrote the stoichiometric equation. 

We shall now derive relationships between the op- 
posing rate laws. Rather than deriving the necessary 
relationships for the general case we shall enumerate 
some of the relationships which fulfill the requirements 
of equilibrium, and discuss their physical significance 
and range of applicability. Let us express the rate laws 
for the opposing reactions in Eq. (15) as 


rj=GL (A), (B), ---(4), (Y), +++] (27) 


ro= Gil (A), (B), aks (M), (VY), 35 “J (28) 


where Gy; and G, are some algebraic functions of the 
concentrations. These functions are assumed to de- 
scribe the actual rate laws for the reaction and are 
therefore at the outset independent of any arbitrary 
formulation of Eq. (15). Let us, for convenience in 
notation, consider that the coefficients a, b, ---m, n, --- 
represent the smallest integral coefficients for the re- 
action. The only restriction set by thermodynamics on 
G; and Gy is that at every state of equilibrium, 


and 


ry Gy 
To Gp 


and that r;/r,>1 when AF <0. In order to fulfill this 
condition it is sufficient to assume, for example, that 


G; 4 (A)*(B)?--- | 
—=— , where 
Gp kyl (M)™(N)"--- 





ky 
—=K+ (30) 


kp 


where z has any constant positive value. As an example 
of two such rate laws we may consider the functions, 


ki;(A)*1(B)A1- - -(M)E(N)- - - 
* wiL(A), (B), «+-(M), (N), +] 
keoy(A)*2(B)P2- - - (M)&(N)i2- - - 
vE(A), (B), ---(M), (N), +] 
kis (A)o1-24(B) 61-2. — (M)2m— (JV) 20-81 
"K+ yl(A), (B), ---(M), (N), «+7 
hoy (A)22-#4(B)B2-20. « « (Mf) 2m—82(N)2n—t2. 
K+ L(A), (B), ---(M), (N), °°] 
fess, (32) 








fees Gt) 








where the exponents a, 61, - + +a, Be:+*, £1, -** are in 
general unknown and to be determined experimentally, 
and are unrelated to each other, and the functions ¥; 
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and 2 are also unrelated functions which may contain 
additive terms, ¢.g., 


vi=1+ka(A)+ka(B)+---. (33) 


Equation (30) will apply to any pair of rate laws, each 
of which may be a sum of functions of the concentra- 
tions, provided that for each such function in one rate 
law there is a corresponding one in the opposing rate 
law such that the pair fulfills Eq. (30) and provided 
further that the value of z is the same throughout. 
Assumption (30) therefore applies to reactions where 
several mechanisms may be simultaneously active. 
This assumption does not cover the general case, but 
will be found to have a wide range of applicability. 
For example, it will include all of the mechanisms listed 
by Yang and Hougen” for surface-catalyzed gas-phase 
reactions. One notes further that if assumption (30) 
applies, the value of z is determined by the order of 
both rate laws in any single component. 

It should be pointed out that much more complicated 
rate functions than (31) and (32) could conceivably be 
found. In the first place, the individual additive terms 
of the rate functions could be related in pairs through 
Eq. (30) but with different values of z. An example of 
such a case has been shown. Furthermore, if each such 
pair of functions has a complicated denominator, such 
as y, it does not follow from thermodynamics that these 
denominators be identical, but only that they be equal 
at equilibrium. If they are not identical, then Eq. (30) 
will not hold. It may be expected in the general case 
that at equilibrium, each additive term in a complicated 
rate function becomes equal to its counterpart in the 
opposing rate function. We may expect this to be the 
case because the position of equilibrium is not changed 
by the arbitrary “freezing” of any mechanism. 

If the reaction is written in the usual manner with the 
lowest integral stoichiometric coefficients it is most 
unlikely that z would be other than a small integer or 
its reciprocal, and, in most cases z will probably be 
equal to unity, in which case the implicit assumptions 
of Gadsby, Hinshelwood, and Sykes® give the correct 
results. This unproved assertion is based on the con- 
cept that chemical reactions take place between dis- 
crete particles, and on the well-founded belief that 
multiple collisions are rarely rate controlling. These 
matters must be beyond the scope of classical thermo- 
dynamics, which does not take into account the par- 
ticulate nature of matter. 


III. RELATIONS BETWEEN THE NET REACTION 
RATE, GROSS REACTION RATE, AND FREE 
ENERGY NEAR EQUILIBRIUM 


We shall now limit ourselves to the widely applicable, 
but nevertheless special case of reversible reactions 
where assumption (30) holds. For this case one may de- 
rive relationships whereby the kinetics may be deter- 


10K. H. Yang and O. A. Hougen, Chem. Eng. Prog. 46, 146 
(1950). 
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mined by measurements close to equilibrium. Equation 
(30) may be written 

. AF 

|- —z-—," (34) 


RT 


(M)™(N)*- 
(4)*(B)-«- 








ei 
In—= | nk (T)—In 


Tr 


Where K and AF refer to reaction (15). Near equi- 
librium, 
ee were 
In—=——_, (35) 


Tb ry 


and therefore, near equilibrium, 
ry—ty= —2-7r;(AF/RT). (36) 


It follows from Eq. (36) that if one plots the ob- 
served net reaction rate against —AF/RT the slope is 
equal to zr;(=2rz), and is therefore proportional to the 
gross reaction rate, or equal to it if s=1. It has already 
been demonstrated that this slope is independent of the 
manner in which any small displacements from equi- 
librium take place. This now fits well with the physical 
explanation of the slope, since the gross reaction rate 
for a given state of equilibrium should indeed be inde- 
pendent of the manner in which one approaches it. 

Equation (36) is independent of the mechanism of 
the reaction within the stated assumptions. However, 
in keeping with its derivation from thermodynamics, it 
does not in any way specify the magnitude of the for- 
ward rate, r;. Now r; does not have one unique value 
for any given reaction but can take on any of a range 
of values for different conditions of equilibrium. The 
dependence of the reaction rate r; at any particular 
state of equilibrium on the temperature and concentra- 
tions which are found at that state is given specifically 
by the same rate law which governs the reaction rate 
away from equilibrium. Conversely, if the reaction is 
observed near equilibrium over a range of temperatures 
and concentrations, the individual values of r; under 
each separate set of such conditions serve to determine 
the rate law in exactly the same manner as if similar 
observations were made away from equilibrium. The 
relations expressed in Eq. (36) therefore yield a method 
whereby, at least in principle, one may determine the 
kinetics of a reversible reaction from a series of ob- 
servations under different conditions of equilibrium. 
Furthermore, within the range of proximity to equi- 
librium where Eq. (36) holds, only one determination of 
r;—r, and AF/RT is required to determine the corre- 
sponding z-r; for each equilibrium, since all the lines 
represented by Eq. (36) pass through the origin. 

We shall now take a hypothetical reaction, first to 
illustrate the crucial importance of specifying the par- 
ticular equilibrium under discussion, then to illustrate 

"Tt follows from the form of this equation that the relative 
rates of the forward and reverse reactions are determined by the 
thermodynamic functions under all conditions where the equation 


applies. We shall confine ourselves here to the region close to 
equilibrium. 











the manner in which Eq. (36) may be specifically ap- 
plied to the study of kinetics. Let us assume a surface- 
catalyzed gas reaction, 


A+B=C+D 


at a total pressure of 1 atmosphere. We shall also as- 
sume that at the temperature 7, K=1, and that the 
temperature dependence of the equilibrium constant is 
known. It is further assumed that the rate law for the 
forward reaction, and the corresponding rate law for the 
reverse reaction which must be consistent with it are, 
respectively 


k; bobo 
ryxkpa and nae : (37) 
B 





and ky=k,=1 sec.“ The rate laws for the forward and 
reverse reactions are related to each other by Eq. (30), 
where z=1. As an example, three equilibrium composi- 
tions may be considered as follows: 


Com- 
position pa pe be po 
I 0.25atmos. 0.25 atmos. 0.25 atmos. 0.25 atmos. 
II 0.28 0.22 0.28 0.22 
III 0.01 0.81 0.09 0.09 


The gross reaction rate, r;=r», for each composition 
is found by substitution of the corresponding partial 
pressures in the rate law, giving for compositions I, II, 
and III the respective values for r; of 0.25, 0.28, and 
0.01 atmos./sec. The wide variation between these 
values illustrates the dependence of r; on the particular 
state of equilibrium. The necessity of specifying the 
equilibrium is also shown graphically by Fig. 1, in which 
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Fic. 1. The dependence of the plot of (r;—r) versus AF/RT 
on the specific state of equilibrium; three separate plots near three 
equilibrium compositions for the same hypothetical reaction under 
otherwise identical conditions. 
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Fic. 2. Application of Eq. (36) to determination of rate laws. 
The solid line represents an “actual” determination for composi- 
tion I. The three dashed lines show expected plots for composition 
III on the assumption of three different rate laws consistent with I. 


calculated values of r;—r, are plotted against AF/RT 
(=—In(pcpp/paps)) for.the isothermal approach to 
equilibria I, II, and III. As expected, the slopes at the 
origin are equal to the corresponding values of rs; and 
are opposite in sign, and each line is characteristic for 
the corresponding equilibrium state. Over the small 
displacement from equilibria for which they were 
plotted the lines show only a slight curvature. 

Special emphasis has been put upon the necessity 
for specifying equilibrium conditions because the article 
by Prigogine ef al.1 contains an essentially similar plot 
for a number of experiments carried out at constant 
temperature for a number of compositions, not all of 
which went to the same equilibrium. The net rate, 
(r;—r») was plotted against the “affinity” without re- 
gard for the separate equilibria, although the necessity 
of the restriction to identical equilibrium is implicit in 
their derivation as well as in the one given here. The 
fact that a linear relationship was found at all may be 
considered fortuitous and explainable on the basis that, 
under the described experimental conditions, a rela- 
tively narrow range of gross equilibrium reaction rates 
ws encountered. Figure 1 shows how two rather close- 
lying equilibria, I and II, give lines which are not very 
far apart. If a narrow range of slopes is encompassed, 
the results of an erroneously unrestricted plot may 
easily be misconstrued as lying on a single line. 

For compositions I, II, and III, similar curves with 
identical slopes at the origin would of course be found 
by any manner of small displacement of equilibrium. 
For example, if one had maintained constant composi- 
tion and varied the temperature, one would obtain the 
same slopes at the origin for any assumption as to the 
temperature dependence of the forward reaction rate, 


HOFER, AND WELLER 





which, however, would have to be subject to the re- 
striction that the temperature dependence of the for- 
ward and backward reaction rates are related to each 
other through the temperature dependence of the free 
energy change. Prigogine ef al. did study net reaction 
rates both at constant temperature and at constant 
composition. Unfortunately, the individual series of ex- 
periments were carried out on different catalysts and 
cannot be compared. The present derivation leads, of 
course, to the necessity that similar experiments under 
otherwise identical conditions and based on the same 
state of equilibrium should yield identical slopes at the 
origin for variation of composition, or temperature, or 
both. 

We shall now illustrate the application of Eq. (36) to 
the determination of a rate law. Let us assume that we 
have observed the slope zr; for composition I and that, 
as before, it is equal to 0.25 atmos. per sec. Let us further 
assume that rate law (37) is one of three possible rate 
laws, the other two being, 





| k;' popo 
r/=k;'pe, ty =— » (k/=1sec.') (38) 
pa 
and 
"ehi'dadn, n= eb 
7, = APB, 1% =——PcPD; 
f f K 


(k,’’=4 atmos. sec.—!) (39) 


both of which are consistent with the observation on 
composition I. One expects, on the basis of each of 
these rate laws, that the slopes which will be found for 
composition III will be, zrs=0.01, 2r//=0.81, and 
zr’’=0.032 atmos./sec. The corresponding lines are 
shown in Fig. 2, and show how a distinction can be 
made between rate laws. One sees, therefore, that rate 
measurements close to equilibrium are not essentially 
different from any other kind of rate measurement and 
that no information is derivable from the outlined 
method that is not derivable, at least in principle, from 
classical kinetics. 

The value of z need not be known in order to deter- 
mine the rate law, since a knowledge of the relative 
reaction rates under different conditions suffices for 
this purpose. However, the method has the limitation, 
in principle, that the value of z cannot be determined 
by measurements differentially close to equilibrium. 
For example, one cannot by this method distinguish 
between the rate laws 


ry=kypa 
a) sd 
Pcho 
where y may have any constant value, since the expres- 
sion in parenthesis is always a constant at equilibrium. 


and 





ry=Rypa (40) 
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Although in practice the distinction between rate laws 
such as (38) and (39) may be expected to be much more 
important, the fact remains that the complete kinetics 
of the reaction and the absolute magnitude of r; would 
in principle require some measurements other than at 
equilibrium. 

The problem arises as to how one would make rate 
measurements close to equilibrium, which will be dis- 
cussed here only briefly. Prigogine e¢ al.! studied the 
catalytic hydrogenation of benzene to cyclohexane by 
passing their non-equilibrium mixtures very rapidly 
over the catalyst so that all of the catalyst was in 
effect presented with the same gas composition. This 
method measures, in effect, instantaneous reaction 
rates. In cases where the velocity of the reaction rates 
makes such measurements inconvenient, the integra- 
tion of the reaction rate over a range becomes very 
simple. All reactions close to equilibrium (taking AF as 
the appropriate function) may be considered from Eq. 
(36) to be first order in AF. If we express the reaction 
rate, for example, in terms of the rate of disappearance 
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of one of the components, we can rewrite Eq. (36) as 
(41) 


which, by multiplying both sides by d(AF)/d(A) and 


. rearranging, becomes 


dinAF a d(AF) 
=—-——- gry. 
dt RT dA) 


The term d(AF)/d(A) is a function of the composition 
and remains constant over a small extent of reaction, 
making Eq. (42) easily integrated. This term is, of 
course, the total differential and includes the effect on 
AF of the reaction of all the components. 

For homogeneous gas reactions, one may, in principle, 
displace equilibrium by changes in pressure or tempera- 
ture and measure the rate at which the reaction follows 
a sudden change in conditions, or possibly a time de- 
pendent change in conditions. Measurements of this 
type may possibly be of advantage in studying reactions 
in rocket nozzles. 





(42) 
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The problem of determining the rate of cataphoresis of a solid spherical particle in an electrolyte when 
relaxation effects are neglected, is solved completely by using Oseen’s equations. The bearing of the results 
on the usual methods of finding zeta-potentials from cataphoretic velocities is discussed. 


I. INTRODUCTION 


N 1931 Henry! obtained a formula for the electro- 

phoretic velocity of solid conducting spheres in an 
electrolyte. The treatment involved three simplifica- 
tions; the Debye-Hiickel approximation was applied to 
the double layer of the sphere, relaxation effects were 
neglected and the inertia terms in the equations of 
motion for the electrolyte dropped. In the following 
note we shall retain the first two approximations and 
examine the effect of the inertia terms on the rate of 
cataphoresis. The question we are to discuss is closely 
related to a classical problem in hydrodynamics, 
namely, the calculation of the drag on a solid sphere 
moving with uniform velocity through an infinite vis- 
cous fluid. The solution of this problem when the inertia 
terms are neglected was given by Stokes in 1845. When 
the inertia terms are not ignored the solution is difficult 
since the equations are non-linear. The most exhaustive 
analysis is due to Goldstein? and we shall make con- 


1D. C. Henry, Proc. Roy. Soc. London A33, 106 (1931). 
2S. Goldstein, Proc. Roy. Soc. A123, 216 and 225 (1929). 


siderable use of his work in what follows. The two 
papers containing his calculations will be denoted in 
future by the symbols G(a) and G(6). 

By analogy with the drag problem we would expect 
the correction of Henry’s result due to the inertia terms 
to be small provided that Uan<1, where U is the cata- 
phoretic velocity, a the particle radius and 7 the coeffi- 
cient of viscosity for the electrolyte. This condition is 
generally satisfied in cataphoresis measurements. Never- 
theless it is of interest to examine precisely the effect of 
the inertia terms, since, owing to the double layer, the 
flow distribution round the particle in our problem is 
quite different from that round an uncharged sphere 
dragged through a fluid. We shall show that the rela- 
tion between the velocity U and the field strength E 
may be written in the form 


U=> (cEt)a"w,, (1) 
y=] 


where ¢ is the dielectric constant of the electrolyte, ¢ the 
zeta-potential and the W, are functions of the ratio of a 








to the double layer thickness, and of the conductivities 
of particle and electrolyte. A general method for the 
evaluation of the W, functions is given, but the first 
three terms only of (1) will be examined in detail. 


II. PRESSURE AND VELOCITY DISTRIBUTION 


We require the steady velocity of translation of a 
charged solid sphere in an infinite electrolyte, when a 
field E is applied. The problem is equivalent to that of 
finding the velocity at infinity U, which must be im- 
parted to the fluid for the sphere to remain stationary. 
Choosing the center of the sphere as origin, the equa- 
tions of motion and continuity are 


n curl curlv+(v-gradv) =—gradp—pgradW (2) 
divv =0 (3) 


where v is the fluid velocity, p the pressure, p the charge 
density and W the electrostatic potential. We make the 
usual assumption that the electrolyte can be regarded 
as incompressible. To solve (2) and (3) we shall adopt 
Oseen’s method? and write the equations in the form 


» curl curlu+U(du/dx)=—gradp—pgradW (4) 
divu =0, (5) 


where v = U +u, and x is measured in the direction of U. 

The appropriate general solutions of (4) and (5) 
when p=W=0, are, in spherical polar coordinates 
(r, 0, a), 








ne An»Pp(u) 
u,*=—)>> (n+1) 


n=0 grre 


4 4eHt 5 Bal xn! (8) —uxn(t) Pa u) 


n=0 
/ 
‘ © AnPs (u) 
ue* = —sind >>; ————— 
n=1 ynt2 
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; = P, (u) 
— fort sind Baxa(6| —— Pa 6) 


n=0 


0 » An»P,(p) 
enti. (7) 


Ox n=0 pnt 


where u =cos0, £=kr, k=U/2n. A, and B, are integra- 
tion constants, and the x, functions are defined in 
G(b). To find the general solutions of (4) and (5) when 
p and W are not zero, we must find particular integrals 
of (4), add them to (6) and (7) and determine A, and 
B,, from the boundary conditions for u and p. 

To determine p and YW, we have first Poisson’s equa- 


3 Oseen, Arkiv. f. Mathematik. 6, No. 129 (1911). 
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tion 
An 
AV=——-»p. 
€ 


Also, following Henry, we have, if relaxation effects are 


ignored 
VW =V,(r)+(,r 0), 
where 


at 
Wi(r) =—es-, (8) 
i 


x is defined by the equation 


8 
4ré > nz? 


i=1 


ekT 


2 





K 


n; being the concentration of the ions of type 7 far from 
the particle, z; their valency. 
; shies a’ ; 
&(r, 0)= — Er cos0(1+ a’/r’), A= (9) 
20+’ 





o being the specific conductivity of the electrolyte, o’ 
that of the particle. 


Let 
~ dv, 
ae f o—dr, (10) 
A dr 
then (4) gives 
Of dp 
Vpi= sscaiiteains (11) 
Or dr 


By the usual methods a particular integral for p; is 


eEE 
pi=— cos6Co(a) 
Arr 
where a=xr, 
1 1 1 
Cola) ber 14+ ni —— + — 
a 20° 6a 
1 a ae 
-— +=“ 2(a))| (12) 
2 i 


and 6=ka. 
Now consider the particular integrals for u, and up. 
Writing 
w =e curlu, (13) 
the curl of (4) gives 


eke 


(curl curl+ 2?) w’ = — 





curl(p grad@). (14) 
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Since the motion is symmetrical about the 6-axis both 
w,/ and we’ are zero. For the particular integral of 
Wa we assume 


Wa = sind > C,(r)P 2’ (u) (15) 


n=l 
where the C,, are functions of r only. We find for C,,(r) 
(—1)"eE 


C,(r) tee Se 
2n°n(2n+1)? 


x f Walz) [Wnlke) xn(br) —Walbr) xn] (kz) 


ha®qd¥,(z) 
[14] dz. (16) 


Z z 





This expression is obtained by substituting (15) in 
(14) and equating coefficients of like powers of sin@P,,’. 
For e~** we have 


ihe < (— pyar) 


n=0 





Py’ (us). (17) 


where the y, functions are defined in G(d). The in- 
tegral of (16) is convergent provided that x>2k or b> 
2ka = 2. This condition imposes no serious restriction ; 
for we shall eventually see that our result is mainly of 
interest for the case b>>1, that is for a thin double layer. 
On the other hand the use of Oseen’s equations implies the 
restriction that Ua/y or & is not very large. 

For the calculation of U it is convenient to express 
the C,, as series in ascending powers of k or &. We ac- 
cordingly expand the exponentials e*** and e**" in the 
expressions for Y, and x, before carrying through the 
integration. It is easily verified that C, is of order 
k= in k. Put 


Py! (u)= Xnm(@)Pr!(u). (18) 


n=l 


Then we find 


(curl) = sin > D,(r) Pn’ (u), (19) 


n=l 


where 


D,(r)= . Xn,m(€)Cm(?). (20) 


The D, functions are easily obtained from formula (51) 
of G(b) for the Xn, m(), together with (16) for the C,. 
For example 


o 3m(m+1) Ym(E) 
D\= Cal ° 21 
2 2(2m+1) ¢& ” @1) 





It is convenient to express the D,, functions in powers of 
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£. We accordingly set 


eEfK @ 

D,(r)=—— > Dn, m(a)é™. 22) 
4irn m=0 

If we now let 
ug=sind > Uo,n(r)Pn'(u), (23) 
n=l 
ur= D0 U,,n(r)Pr(x), (24) 
n=0 


the equations to determine U,,,(r) and U~»,,(r) are 
respectively 


dU», n Vo, n U.. n 











= D,(r), (25) 
dr r r 


dU,n Urn n(n+1) 
+2 + 











Uen=0. (26) 
dr r r 


The first equation follows from (19), the second from 
(5) since by symmetry , vanishes. The solutions of 
(25) and (26) are 


n(n+1) 
a (2n+1) 


x r n—1 3 n+2 
x f |(<) -(-) [pated (27) 
r Z r 


~ (Qn-+1) 


~ r n—1 Z n+2 
xf | +1(“) +n(-) |p.toas, (28) 


We have now completely determined the particular 
integrals for p, u, and % ; it only remains to add them 
to the general integrals (6) and (7) and to fix the con- 
stants A, and B,. The boundary conditions at infinity 
are automatically satisfied; the condition of no slip 
at the particle surface gives the constants. Since the 
calculation follows that of G(b) closely we omit details 
and state the conclusion. We find for the B,, the follow- 
ing equations 
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r > An mBu= —3U—U,,1(a)+2U01(a) n=1 
m=() 


=(n+1)U6,.(a)—U,,n(@) mn>1 (29) 


where the An, m coefficients are defined in G(b), Eq. (19). 
Solving for the B, by means of (58) to (60) of G(d) for 
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the An,m, we find 


£5 9 183 
By=—| U(3+<f0+—#r ) 
a 80 


Tv 


eE¢ 
+—(F,,0(b)+ $£0F 1, o(0) 
Arn 


61 6 
+ ee —F, (b) —=F 2, 1(6)+ Fi, 2(6) ) frown, 
80 5 


£0 ef 
B= “|- U+-—F, ©) frou, 
T Orn 


B,=O(&°), (30) 
where 


Fam(a)=(n+tarm f Da, m(2)2'*™-"dz. (31) 


Equations (30) give the B, coefficients to the order in 
€) we require and since the A, are not needed we can 
now proceed to calculate U. 


III. CATAPHORETIC VELOCITY 


The rate of electrophoresis is obtained by equating 
the total force due to the fluid stresses over the surface, 
to the electrostatic force due to the action of the ex- 
ternal field on the surface charge. The electrostatic 
force is simply the field strength E multiplied by the 
total charge on the surface. This follows easily since 
we ignore relaxation and therefore assume that the 
double layer remains spherically symmetrical. The 
force caused by the fluid stresses may be divided into 
two parts, the first arising from the general integrals 
(6) and (7), the second from the special integrals for u 
and p. The first contribution is given by Eq. (27) of 
G(a) and Eq. (55) of G(d), the second by direct calcula- 
tion. We finally obtain the following rather complicated 
relation for ¢ in terms of U. 


2b 
i[o+ i— > 0(b) 


1 1 3 aU 
i —Co(b)+-F, o(b)+ —F o(d) (—) 
3 2 16 n 
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This formula can be rearranged to give U in terms of ¢ 
and we obtain a series of the form given in (1), the W, 
functions being functions of } and X only. The first term 
of (1) is simply Henry’s formula. For a given zeta- 
potential, field strength and double layer thickness it is 
easy to show from (1) that the correction to Henry’s 
formula is the greater the larger the radius a. Hence we 
would expect that for the cases of interest the double 
layer thickness is small compared with the radius. For 
this case we only need the limiting values of the W, for 
b large. Series (1) now becomes 





eE(1+A)¢ 
U=——_—_ 
Orn 
67 aeE((1+d)\? 
[i+ ( ) +020) (33) 
11,5207? n° 


From (33) it is obvious that the correction is more 
important the larger the radius, the zeta-potential and 
the field strength. Also it is most important for non- 
conducting particles since in this case \ achieves its 
maximum value of 4. It is easy to see from (33) that 
the correction will be quite small in the usual experi- 
mental determinations unless exceptionally strong 
fields are used. For example, if we take particles with a 
zeta-potential of 200 millivolts at room temperature, 
then we find that for the correction to be greater than 
10 percent the product Ea must be greater than 200 
volts. This result confirms in detail that Henry’s 
neglect of the inertia terms is legitimate. 

Nevertheless, if the experimental difficulties asso- 
ciated with strong fields could be overcome, the agree- 
ment or lack of it between (32) or (33) and the experi- 
mental data might serve as a check on the usual in- 
terpretations of cataphoresis measurements by the use 
of the Smoluchowski or Henry theories. For example, in 
Henry’s theory and in the present calculations, it is 
assumed that at the surface of the particle there is an 
abrupt change from a fluid of viscosity » to a rigid 
solid, the change occurring when the potential is ¢. 
This may not be true; it is quite possible that there is a 
continuous increase in 7 with the potential in the ionic 
atmosphere. But from measurements of cataphoretic 
velocities and similar electrokinetic effects, as in- 
terpreted by the usual theories, it is impossible to 
decide whether this is true or false since ¢ is really an 
unknown variable. Now if a considerable variation of 7 
occurred in the range of interest, the method we have 
given would break down. But it is reasonable to assume 
that in this case, the dependence of U on E would be 
different from what we have found. The value of £ 
which satisfied Henry’s equation for weak fields would 
not then satisfy (1) or (33) for strong fields. 
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Correlation of Ionic and Atomic Radii with the Heat of Hydration 


W. D. RoBERTson 
Institute for the Study of Metals, University of Chicago, Chicago, Illinois* 
(Received June 28, 1950) 


It is shown that Pauling’s ionic and atomic radii may be correlated with the ionic heat of hydration in a 
manner which provides a method of intercomparison of the different radii and demonstrates their self- 
consistency. The correlation also indicates significant differences between ionic and atomic radii which may 
be interpreted in terms of the ion-dipole interaction theory of solutions. 





greg ge the energy obtained by hydration of an 
ion of charge ze and radius r is given by the Born 


formula! 
oe" 1 
aot a 
r 


However, since the field near the ion exceeds the satura- 
tion field of the dielectric (water), (1) is an inadequate 
expression for the hydration energy. Bernal and Fowler? 
have proposed an expression by means of which the 
necessary corrections may be evaluated from the ex- 
perimentally determined heat of hydration, U. 


D—-1 2 . 
U=—— —+npP(r)—u. (2) 
2D R 


R is an effective radius inside which the energy is that 
of ionic coordination while outside it is that of dipole 
interaction of water; ” is the coordination number, 
P(r) is the potential energy of ion-dipole interaction 
which may be calculated and # is a correction term in- 
cluding the repulsion between ion and water molecule, 
van der Waal’s attraction, the change of the dipole 
moment in the field of the ion and the mutual potential 
energy of the water molecules; u is a small term repre- 
senting the electrostatic energy of disoriented water 
molecules. The individual correction terms are not 
readily calculated nor is the radius R; but (2) may be 
put in the form 


U=a+bP(r) (3) 


and the constants evaluated empirically by plotting 
the experimental values of U versus the calculated po- 
tential energy, P(r), from which } and a are obtained 
for different values of z and n. 

In the above treatment, Goldschmidt’s* empirical 
crystallographic radii were used in the calculation of 
P(r) as being more directly applicable than Pauling’s 
ionic radii.‘ The reason for this choice is not obvious 


* Present address: Hammond Metallurgical Laboratory, Yale 
University, New Haven, Connecticut. 

1M. Born, Zeits. f. Physik 1, 45 (1920). 

* J. D. Bernal and R. H. Fowler, J. Chem. Phys. 1, 531 (1933). 

°V. M. Goldschmidt, Geochemische Verteilungsgesetze der Ele- 
mente, VII and VIII (Oxlo, 1927). 

*L. Pauling, The Nature of the Chemical Bond, 2nd edition 
(Cornell University Press, Ithaca, 1940), p. 343. 
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and the method of plotting does not show clearly the 
interrelationships existing between the different ions 
and between the various possible radii. The fact that 
the ionization energy differs from the heat of hydration 
by only a few percent indicates that, in effect, the func- 
tion of the dielectric is to return electrons to the ion 
which may justify the use of Pauling’s semi-empirical 
atomic or covalent radii.® 

Figure 1 shows that in fact there is a relationship 
between Pauling’s univalent ionic radii and the heat of 
hydration; further, Fig. 2 demonstrates that there is 
an equally close relationship between Pauling’s single 
bond atomic radii and the same heats of hydration, ob- 
tained from independently measured quantities through 
the Born-Haber cycle and the partition of energy be- 
tween the potassium ion and the fluoride ion in ac- 
cordance with Bernal and Fowler’s method.? 

In plotting the data, experimental heats of hydration 
have been used wherever possible; where adequate 
data were lacking, the calculated values of Bernal and 
Fowler were used; to tie down critical points in the ab- 
sence of other data, the ionization energy was used, 
corrected in proportion to the difference between the 
observed heat of hydration and the ionization energy 
for similar ions. 

The most obvious characteristic of both correlations 
is the self-consistency of the data and the convenient 
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Log, Singe Bond Radii 
ra 


Le 
1 





0.1 

















-0.1 
\ F 
\ 0 
gz  Expermmental Heat of Hydration 7 
Calculated (Bernal, Fowler) 
«From lonization Energy \ ' ' 
° 0.4 08 16 20 


12 
Log, Ionic Heat of Hydration (ev.) 

















3 
Fic. 2. Single bond atomic radii versus the ionic heat of hydration. 


form in which the interrelationships between different 
ions, radii, and charge are displayed. 

Considering ionic radii first, Fig. 1, the slope is —1.5 
for positive ions and —0.6 for the negative halide ions, 
indicating that the heat of hydration is proportional to 
r~-! and r— for positive and negative ions respectively, 
instead of r— as indicated by the simple Born formula. 
This effect should be compared with the corresponding 
atomic radii, Fig. 2, in which the slope is —1 for both 
positive and negative ions. For all ions having the rare 
gas electron configuration, the heat of hydration in- 
creases in proportion to the square of the charge at 
constant radius. The eighteen electron shell ions and 
mercury do not fall on the main lines characteristic of 
the rare gas ions but appear to approach the lines more 
closely as the charge increases; for example, in the series 
silver, cadmium and indium, the latter coincides with 
the line for boron and aluminum. This effect should be 
compared with the plot of atomic radii where both types 
of ions fall on the same lines. 

The lines for single bond atomic radii, Fig. 2, ap- 
proach unit slope for both negative and positive “‘ions.” 
This, together with the above mentioned correlation of 
eighteen shell ions and the relationship of ionization 
energy to heat of hydration, apparently justifies the 
use of atomic radii rather than ionic radii. Further, the 
self-consistency of the radii is very evident with, per- 
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haps, two exceptions, namely, barium and lanthanum. 
The heat of hydration for lanthanum should probably 
be given less weight than that for barium since it was 
obtained by calculation and it does not fall exactly 
where it should on either the atomic or ionic plot. But, 
considering the two sets of data, it appears probable 
that the atomic radii for barium and lanthanum are 
too small; an increase of 0.26A in both cases is required 
to bring them into conformity with the other atomic 
radii. 

The valence assigned by Pauling to transition ele- 
ments and succeeding elements in the table of atomic 
radii, based on magnetic criteria, has not been con- 
sidered in plotting the data. It is interesting to note 
that in each case the points for silver, cadmium, zinc, 
iron, cobalt, nickel, and indium fall on, or very near, 
lines characteristic of ions with normal, integral valence. 

While the validity of the procedure is not immediately 
apparent, extrapolation of the line for univalent posi- 
tive ions to the hydration energy of the hydrogen ion, 
12 ev, gives 0.55A as an effective atomic radius. The 
same procedure indicates a value of 0.26A as the ionic 
radius of the hydrogen ion. It should be observed that 
geometric considerations for the packing of spheres re- 
quire a cation-anion ratio of 0.225 to 0.414 for stability 
of tetrahedral coordination; taking the radius of the 
water molecule as 1.4A and the above atomic radius of 
hydrogen gives a radius ratio of 0.39 which is well 
within the limits of tetrahedral stability. Alternatively, 
the radius ratio for the apparent ionic radius is 0.18, 
indicating a triangular coordination of water molecules 
which is not in accord with the known structure. 

In conclusion it may be said that the method of 
plotting assembles a mass of data in a manner which 
permits immediate correlation and intercomparison. 
It also demonstrates the self-consistency of the data. 
Whether more fundamental concepts regarding the 
nature of the ion-dipole interaction can be deduced 
from the characteristics of the plots, particularly from 
the differences resulting from the use of ionic or atomic 
radii, remains to be demonstrated by more detailed 
consideration. 

This work was supported in part by Army Air Force 
Contract No. AF 33(038)-6534. 
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The Accommodation Coefficients of Gases on Platinum as a Function of Pressure 


Lioyp B. THoMAs AND RoBERT E. BROWN 
Chemical Laboratory, University of Missouri, Columbia, Missouri 


(Received June 26, 1950) 


The accommodation coefficients of nine gases on platinum at various temperatures in six different tubes 
are presented as a function of pressure. In all cases the accommodation coefficients show a constant value 
as the pressure is lowered toward zero, which is in contradiction to results reported by Amdur and co- 
workers. Reasons for disagreement are suggested and criticism of an earlier paper from this laboratory is 
answered. Presumably specially reliable values of the accommodation coefficients-of argon and krypton 
taken in Tube B are given and this tube and method of operation are described in detail. 





INTRODUCTION 


PON examination of assembled measurements of 

the accommodation coefficients of gases on plati- 

num by various investigators,!~ one is disturbed by the 
wide variation in the reported values. This is not too 
surprising, perhaps, when one considers the rather in- 
sidious opportunities for error in measurement of the 
coefficient, superimposed on the fact that one is dealing 
with a very sensitive surface phenomenon that may be 
markedly affected by adsorbed layers formed sometimes 
quite slowly from traces of impurities in the system or 
from the gas itself under investigation. These latter 
effects have not been subject to reproducible control 
especially from laboratory to laboratory since vacuum 
techniques ranging from modern procedures with all 
glass systems, liquid air traps, baking facilities, etc., to 
use of bell jars have been used by investigators in ob- 
taining the reported values. Recently another possible 
explanation of much of the variation in reported values 
may be seen in the phenomenon reported by Amdur and 
co-workers‘ who have found the accommodation coeffi- 
cients of all ten gases investigated to show a marked 
pressure dependence. In a second paper Amdur® has 
developed a theory which fits his observed accommoda- 
tion coefficients as a function of pressure and, after 
revising several of the most radically low values of 
reference 4, finds the following general behavior. In the 
neighborhood of 0.1 mm and for a range above the 
values are essentially constant. Below this, the values 
fall off with increasing rate as the pressure is lowered. 
The greatest decrease is with krypton and xenon whose 
accommodation coefficients fall almost fifty percent 
when the pressure is lowered to about 0.008 mm (lowest 
used) and apparently would continue to fall at lower 
pressure. The other eight gases show similar but smaller 
drops in their accommodation coefficients. If such is the 
true behavior of the coefficients, there is little reason to 
expect agreement between investigators’ reported re- 
sults since the values are obtained over a variety of 


1 Thomas and Olmer, J. Am. Chem. Soc. 65, 1036 (1943). 

2 Grilly, Taylor, and Johnston, J. Chem. Phys. 14, 435 (1946). 

* Kennard, Kinetic Theory of Gases (McGraw-Hill Book Com- 
pany, Inc., New York, 1938). 

* Amdur, Jones, and Pearlman, J. Chem. Phys. 12, 159 (1944). 

°T. Amdur, J. Chem’ Phys. 14, 339 (1946). 
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pressures, usually in the region of variation (below 
0.1 mm). 

Thomas and Olmer®™ state: “Runs were made in two 
ways with results in good agreement. In the first 
method the pressure of the gas was varied from zero to 
a maximum of 0.05 mm and the filament and heaters 
brought to balance at the original temperature after 
each addition of gas. The power loss varied linearly with 
pressure and the slope of the line gave the power loss 
per unit pressure, which was used to determine the 
accommodation coefficient.”” The pressure range quoted 
above lies in the region of rapid accommodation coeffi- 
cient change in references 4 and 5, so the quoted state- 
ment is in definite disagreement with the findings of 
references 4 and 5. Measurements supporting the above 
quotation from reference 1 may be found in a number 
of papers, e.g. Knudsen,® Mann,’ Soddy and Berry.*® 
It seems imperative to examine this disagreement fur- 
ther and the purpose of this paper is to present sets of 
accommodation coefficient measurements in which be- 
havior with pressure may be observed and perhaps 
elucidated. 


EXPERIMENTAL 


The data presented in this paper have been obtained 
from six different tubes of several types which have been 
operated by four investigators. The work on krypton 
and argon in Tube B is considered by us to be the most 
reliable and since this type of tube has not been de- 
scribed previously it is shown in Fig. 1. Tubes C to G 
will be briefly identified at the end of this section. 
Tube B is designed to give a flat temperature distribu- 
tion over the full length of the filament and thus elimi- 
nate end losses of heat from the filament and hence need 
for attempted correction. This is accomplished by 
bringing the platinum blocks (Fig. 1) to the same tem- 
perature as the filament through adjustment of the 
current through the heaters of platinum wound on glass 
and mounted on the tungsten leads in the side tubes. 
The heaters are supplied by alternating current from 
filament windings of twin transformers powered by a 


58 See reference 1, p. 1039. 

6 Knudsen, Ann. d. Physik 34, 629 (1911). 

7 Mann, Proc. Roy. Soc. A146, 780 (1934). 

8 Soddy and Berry, Proc. Roy. Soc. A83, 254 (1910). 



























constant voltage transformer and are individually con- 
trolled by rheostat arrangements capable of fine adjust- 
ment. The thermocouples were calibrated over the range 
used against N.B.S. calibrated thermometers and their 
e.m.f.’s were read on a L & N White Double Potentiom- 
eter to within one microvolt. The power losses from the 
filament and its resistance are obtained by reading to 
five figures on a L & N Type K-2 potentiometer the fall 
in potential across the filament using the potential leads 
attached to the blocks and the fall in potential across a 
standard ohm resistor in series with the filament. The 
filament temperature is obtained from its Rp value and 
the temperature coefficient of resistance. This was care- 
fully determined over the range used in a special tube 
and thermostat using N.B.S. calibrated thermometers 
(a=0.00388). Tube B was operated immersed in a 
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stirred kerosene filled thermostat (0.03°) held at 32°C. 
Frequent checks of the power loss in vacuum and the 
Ro value of the filament were made in order to guard 
against sporadic changes in the filament surface or 
electrical characteristics which are occasionally ob- 
served. It is to be emphasized that the balancing of the 
thermocouples and filament temperature and measure- 
ment of the power expended has been done with care 
using precision instruments read to accuracies which are 
about 100-fold as great as may be had with deflection 
meters which are often used in this kind of work. 

The high vacuum system was all glass and mercury 
except for the tube elements and employed a mercury 
condensation pump, mercury cut-offs, and a liquid air 
trap between the last cut-off and the measuring tube. 
One cut-off, open only when gases were admitted, led to 
a “lock” system between two mercury seal stopcocks, 
manometer, and manifold with supply of gases held in 
flasks with mercury seal stopcocks to contain the gases 
after opening by the usual glass enclosed magnetic 
breaking slugs. The inert gases were of highest purity 
obtainable from Airco. The tube was occasionally baked 
and the system torched and the filament flashed some 
hours before each set of measurements to take reason- 
able precaution to minimize accumulation of adsorbed 
impurities in the system. All measurements were taken 
with liquid air on the trap excluding mercury vapor and 
other condensable gases from the sample under investi- 
gation. The greatest source of inaccuracy in measure- 
ment of the coefficients is the pressure reading. Two 
McLeod gauges of different types employing 300-ml 
bulbs and exceedingly carefully calibrated capillaries of 
Fisher and Porter standard bore tubing were attached 
to the system and both were usually read to establish 
the pressures. The two gauges seldom differed by as 
much as 0.25 micron on the same gas samples. Each 
gauge was self-consistent upon successive reading to 
about +0.05 micron. It appears that the pressure read- 
ings regularly fall within +2.5 percent of the mean 
value in the least favorable range used (below 5 microns) 
and within +0.5 percent in higher ranges. 

The other tubes used in obtaining data presented in 
this paper are described below. Tube C had a filament 
consisting of 42 cm of 0.0175-cm diameter platinum in 
a hairpin loop with 0.0025-cm potential leads attached 
6 cm from the ends. Tube D contained a 25-cm filament 
of 0.0125-cm diameter platinum placed along the axis 
of the cylindrical envelope and used 0.0025-cm poten- 
tial leads 5 cm from filament ends. Tube £ consisted of 
a hairpin loop of 0.00375-cm platinum 22 cm in length 
and it was operated in a bridge circuit with a potentiom- 
eter to measure the voltage across the filament to get 
the power loss. Tube F is of loop construction with 32 
cm of 0.010-cm platinum with 0.0025-cm potential leads 
attached 4.5 cm from the ends. Tube G is of hairpin 
loop construction with heater ends as described in refer- 
ence 1. The electrical measurements on all tubes except 
Tube F were made in similar manner to Tube B. 
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ACCOMMODATION COEFFICIENT ON PLATINUM 


EXPERIMENTAL RESULTS AND DISCUSSION 


The accommodation coefficient values are presented 
in the nineteen curves of Figs. 2, 3, and 4 and include, 
as specified on the graphs, values for krypton, argon, 
neon, helium, hydrogen, nitrogen, oxygen, carbon 
monoxide, and mercury. In the parentheses on the 
graphs following the gas designation are given approxi- 
mate AT (filament temperature minus wall tempera- 
ture) values for the points of each curve and the tube, 
designated by letter, in which the measurements were 
taken and which are described in the preceding section. 
The wall temperatures are in all cases close to 32°C. 

Reports of present day work on accommodation co- 
efficients should contain, we believe, enough description 
of the method of taking data and enough indication of 
the accuracy of the measurements to allow the reader 
to judge the validity of the work. With this in view we 
have selected a typical point for argon, AT=100° in 
Tube B, at 0.026 mm and give the preparation pro- 
cedure, the data taken, and the calculations made in 
obtaining the point. The filament surface is cleaned by 
heating to a bright orange with the system open to the 
pumps. Argon is admitted and regulated to the desired 
pressure and the filament is run for about 15 hours at 
moderate temperature (about 200°C). During the first 
part of the 15 hours the accommodation coefficient rises 
but is quite stable toward the end of the period and 
thereafter. The filament and blocks are then brought 
to the desired temperatures within a tolerance of +0.15° 
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at 100° and +0.06° at 7° by a series of successive adjust- 
ments of fine control rheostats interspersed with fila- 
ment and thermocouple temperature measurements. 
This can be done in approximately one hour. The set 
of measurements shown in Table I is then taken. 
Calculated quantities and previously determined quan- 
tities necessary to complete the calculations are inter- 
spersed in the table with the data taken at this time. 

For the purpose of this paper, which is to show the 
pressure dependence of the accommodation coefficient 
at low pressure, it seems sufficient to show the points by 
plotting on the graphs only. However, we feel that the 
values for argon and krypton obtained with Tube B 
merit consideration among the most reliably determined 
values in the literature and present in Table II the 
numerical values of these together with the correspond- 
ing pressures as plotted in Figs. 2 and 3. 

The accommodation coefficient values in Table II 
calculated as indicated in Table I using the assumption 
that the temperature of the molecules incident upon the 
filament is that of the wall begin to decrease noticeably 
above approximately 20 microns. To obtain a value for 
the accommodation coefficient in each case we have 
taken the average of the values above the dotted lines 
in Table II, excluding the questioned values indicated, 
and the results are shown at the end of the respective 
columns. 

It is seen from inspection of Figs. 2 and 3 that the 
accommodation coefficients in all sets presented for each 
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of the nine gases are essentially constant in the range 
of applicability of the free molecule heat conduction 
method of calculation in a tube of cylindrical symmetry 
using a filament of diameter small compared to the mean 
free path in the gas. The lower apparent values at higher 
pressures are not real values for the accommodation 
coefficient and are given in this way to show for each 
of the gases and tubes of Fig. 2 the permissible range of 
application of the assumption that the temperature of 
the incident molecules is that of the wall. If adequate 
theory of heat conduction in cylindrical symmetry were 
available for the pressure range immediately above the 
“free molecule” range, no doubt essentially the same 
accommodation coefficient values would be obtained 
from the data in the compressed scale portion of Fig. 2. 
Conversely, a possible use of the data in the compressed 
scale region is to test such theory. We note here that 
the factors which tend toward a large temperature jump 
also act, as would be expected, to diminish the slope of 
the curves of Fig. 2 which is readily seen in the com- 
pressed scale portions. These factors are low accommo- 
dation coefficient and large temperature gradient in the 
gas at the surface of the filament. The latter increases 
as the filament diameter decreases. The filament diam- 
eters for the tubes are C= 0.007", B=0.005’”’", G=0.004’’, 
E=0.0015”. The flattest curve—no apparent change in 
slope up to the maximum pressure—is for hydrogen 
which has small accommodation coefficient in Tube E 
which has the smallest diameter filament. The steepest 
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curve is for argon which has high accommodation coeffi- 
cient in Tube C which has the largest filament. 

The results here shown are in complete disagreement 
with those of Amdur and co-workers*® at the lower 
pressures. Our measurements are extended in many 
cases to less than half the minimum pressures used by 
Amdur and in no case are diminished accommodation 
coefficient values obtained except as attributable to 
experimental variation due to diminished accuracy of 
the pressure measurement. The electrical measurements 
as used are capable of much greater accuracy than re- 
quired for these low pressure measurements as is indi- 
cated by the curves of Fig. 4. These curves are for 
mercury vapor which has about half the ability to con- 
duct heat from a platinum filament as does argon and 
the pressure range covered is 0.2 to 1.5 microns which 
is less than one tenth the pressures used for the perma- 
nent gases. The consistency of these points is seen to be 
about as good as for the permanent gases and the reason 
is considered to be that the vapor pressures can be con- 
trolled accurately and determined by thermometer and 
vapor pressure tables (I.C.T. used with thermal trans- 
piration corrections applied) as accurately as the Mc- 
Leod gauge can be read in the higher range. Even down 
to the lowest pressure here (0.2 micron) there has been 
no apparent dip in the accommodation coefficient value. 
Amdur shows for all the eight gases common to his work 
and the present paper accommodation coefficients which 
fall from his steady values (at higher pressure) most of 
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which are not far from our flat values at low AT and low 
pressure, to an average of about 0.7 of these steady 
values with the greatest drop shown for krypton which 
falls to 0.51 of his a. Amdur’s AT values are lower than 
the minimum presented in this paper and we have con- 
sidered it possible that one might have the phenomena 
described by him showing up at this lower AT but we 
have checked this quite carefully in several runs with 
AT of the order of two degrees. Our results with this AT 
show no indication of a decrease in the accommodation 
coefficient although erratic low and high values appear. 
Curves for these AT’s are not included because we con- 
sider this pushes the apparatus too far into an unfavor- 
able range of operating conditions. 

Since we were confronted with the phenomenon of 
the pressure dependence of the accommodation coeffi- 
cient as described in references 4 and 5 which was con- 
trary to our earlier experience and since we set out to 
search for the phenomenon and were unable to find 
indications of it in any of the experiments tried and 
have had the advantage of knowing what to look. for, 
we naturally attribute the disagreement to error in the 
work ‘of references 4 and 5. We cannot hope to attempt 
a detailed criticism of the method on the basis of our 
knowledge of the apparatus but would like to suggest 
the following points as open to question. 

The experiments were done in a vessel constructed of 
brass and solder and it was operated in a bell jar, which 
technique could not be regarded as clean from a vacuum 
standpoint and would not allow baking or freeing from 
mercury vapor. The conductivity gauge used was not 
designed for accommodation coefficient measurement 
and lacked the simplicity desirable to avoid a patchwork 
of assumptions and corrections. One might question the 
completeness of temperature stationing of the Mycalex 
block hung in the filament loop or of the filament 
threaded through the loop or of the comparison filament 
strung between the mica sheets in the flattened cylinder. 
The pressures were obtained by expansion from a high 
measured pressure in a small volume to a low pressure 
in the large bell jar. Adsorption after expansion into the 
large volume following partial desorption of the exten- 
sive surfaces upon evacuation could render Boyle’s law 
inapplicable and would give low accommodation coeffi- 
cients as observed at low pressure. The bridge current, 
which enters as the second power in the power loss 
measurement, was read on a deflection meter. The great 
dependence upon the accuracy of this meter is indicated 
at the bottom of p. 341, reference 5, where it is said 
that recalibration of the meter after publishing reference 
4 resulted in a 1 percent revision of the current, yet this 
apparently changed the accommodation coefficient 
value of xenon from 0.108 to 0.469 at the lowest pressure 
used and of krypton from 0.232 to 0.445. The constants 
of the platinum filament needed to calculate the tem- 
perature distribution and end losses of the filament, i.e., 


resistivity, thermal conductivity, and radius, are ob-— 


tained through a series of relationships involving the 


ACCOMMODATION COEFFICIENT ON PLATINUM 





TABLE I. Sample data and calculations for argon 
(AT=100°, Tube B), at 0.026 mm. 








(a) Potential fall across filament between - 
potential leads 

(b) Potential fall across standard ohm in 
series with the filament (also the current 
through the filament) 

(c) Power loss of filament by gas conduction 
and radiation given by (a) X (6) 

(d) Resistance of filament given by (a)/(d) 

(e) Power loss of filament in vacuum at re- 
sistance value of (d) as previously de- 


0.24526 volts 


0.079818 volts 


0.0195762 watts 
3.0727 ohms 


termined 0.0048545 watts 
(f) Power loss due to gas conduction, given 
by (c)—(e) 0.0147217 watts 


(g) Ro (frequent determination made by 
limiting zero current extrapolation 
method at bath temperature and calcu- 


lated to 0°C) 2.0324 ohms 
(h) Temperature of filament from (d) and 

(g) through R= Ro(1+0.003882) 131.92°C 
(i) Temperature of bath (by calibrated 0.1 

degree thermometer) 31.94°C 
(j) AT=(h)—(i) 99.98° 
(k) Pressure measurements (0.02625, 

0.02640, 0.02640, 0.02652) Av 0.02639 mm 
(1) Area of filament (from mass and length 

and density of Pt.) 0.9754 cm? 
(m) Energy conducted by gas per unit area 

of filament per unit AT per unit pressure 

(micron) per unit time (second) . 57.203 ergs 
(n) Calculated value of (m) in same units 

assuming temperature equilibrium of 

argon atoms with the wire A= (Cv/R+ 3) 

X(R/2xMT)! 88.192 ergs 
(0) Accommodation coefficient, (m)/(n) 0.6486 








Matthiessen rule and the Wiedemann-Franz law and 
the values obtained depend on the temperature coeffi- 
cient of resistance measurement, a=0.00363. Direct 
measurement in this laboratory agrees well with the 
resistivity 9.83X10-* ohm cm and the temperature 
coefficient a=0.0039 which are commonly given for 
high grade platinum rather than with the 10.694 and 
0.00363 values used in reference 4. 

Amdur eét al.* devote most of page 166 to pointing out 
an “error” in reference 1 which should be discussed 
briefly here. Apparently the authors of reference 4 have 
taken the expressions 242(b) and 241(c) on page 317 of 
reference 3, which apply to conduction between parallel 
plates, as applying to conduction from a small diameter 
filament in a much larger diameter tube. In picking the 
example of the treatment of mercury to criticize they 
have chosen the one least open to doubt. At the lower 
pressures of the measurements on mercury the mean 
free path is much larger than the average radius of the 
tube. If one wishes to obtain an estimate of the average 
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TABLE II. Accommodation coefficients of Kr and A 
taken in Tube B. 








Krypton (AT =7°): Krypton (AT =100°) Argon (AT =7°) 





Pressure Pressure Pressure 
AX. (microns) AX. (microns) AX. (microns) 
0.909 3.28 0.699 3.86 0.929 ? 2.74 
0.902 4.60 0.686 4.40 0.852 4.48 
0.908 5.58 0.689 6.00 0.866 5.38 
0.891 6.41 0.748 ? 7.07 0.899 6.04 
0.912 9.91 0.705 7.56 0.863 8.91 
0.906 10.59 0.686 7.96 0.872 13.8 
0.898 15.07 0.685 __ ee ee ee 
0.891 16.4 0.689 10.05 0.865 20.04 
0.905 21.9 0.684 10.30 0.836 26.39 
ST Ae ae ee 0.693 12.34 0.824 36.24 
0.885 29.61 0.703 15.07 0.8695 Av 
0.863 RS Gh otdt he ie sett sas % 
0.831 49.08 0.665 28.44 Argon (AT= 100°) 
0.824 64.32 0.634 53.22 
0.810 80.94 0.574 141.8 A.C. Pressure 
0.781 89.22 0.492 319.8 
0.755 141.8 0.418 556.2 0.649 6.04 
0.624 319.8 0.6919 Av 0.648 8.91 
0.500 556.2 0.649 13.86 
NS i Sree ee ry 
0.649 26.39 
0.640 36.24 
0.6487 Av 








temperature of the gas for mercury he should roughly 
(neglecting the accommodation coefficient) use an aver- 
age temperature of the filament and wall, each weighted 
with its area in the vessel, which would for reference 1 
give an average temperature of the order of 1/500 of 
the AT added to the temperature of the wall. But the 
fact that the hot mercury atoms are headed away from 
the filament and even if they make occasional collisions 
they still will have velocity persistence away from the 
filament, together with the fact that one is interested 
only in the atoms coming toward the filament made the 
1/500 of AT too much to add to the wall temperature. 
Further rendering the error innocuous is the fact that 
this temperature appears to the one-half power in the 
calculation. For the other gases at higher pressure the 
problem is more serious and has been considered by 
ourselves and others. It seems clear experimentally that 
the assumption of the temperature of the molecules 
incident upon the filament (and the average tempera- 
ture of the gas) being that of the wall is valid over the 
pressure range covered by the flat portion of curves as in 
Figs. 2 and 3. Presumably there would be no changes of 
slope of these curves from the lowest measured pres- 
sures to the axis of zero pressure (and this is supported 
by the behavior of mercury, Fig. 4) and the ideas con- 
cerning the average temperature applicable to mercury 
as indicated above would be applicable to the permanent 
gases at very low pressure. However, the same value of 
the accommodation coefficient would be obtained up to 
at least 0.02 mm as would be obtained in the extremely 
attenuated state, Therefore, the assumption concerning 


THOMAS AND R. E. BROWN 


the temperature must be essentially correct. This cri- 
terion of flatness of the accommodation coefficient vs. 
pressure curves was used in reference 1 and we do not 
agree with reference 4 that all or any values reported in 
reference 1 are grossly incorrect due to taking the tem- 
perature of the wall as the average temperature of 
the gas. 

The falling off of the accommodation coefficient with 
increasing filament temperature is seen by inspection of 
Figs. 2, 3, and 4. (The two curves for hydrogen are not 
comparable. Tube E was made to serve as a Pifani 
gauge and no attempt was made to obtain the tempera- 
ture coefficient or the dimensions of the filament at the 
time the data were taken. These were later estimated, 
tentative coefficients calculated, and one point for 
nitrogen was adjusted to a reasonable accommodation 
coefficient by a factor. This same factor was then used 
on all data for nitrogen and hydrogen taken with this 
tube. The points of these two curves are not independ- 
ent “absolute” values but should show very accurately 
any changes of the accommodation coefficient with pres- 
sure and therefore are included in this paper.) It is 
apparent that the fall of the coefficients is more marked 
for the inert gases than for oxygen or mercury which is 
possibly due to the lighter binding of adsorbed inert gas 
molecules to the surface. We have indications that 
quantitatively reproducible measurements of this varia- 
tion with temperature are particularly elusive for the 
inert gases. That the behavior is a specific surface effect 
and not due to faulty assumptions or experimental 
measurement is shown by observations taken on an 
evaporated aluminum surface. Mr. J. W. Faust of this 
laboratory, whose measurements in Tube D we have 
used, has observed that the accommodation coefficients 
are essentially constant with increasing filament tem- 
perature for helium and argon on an aluminum surface 
evaporated on the platinum filament of Tube D. 

In conclusion we wish to assert that the accommoda- 

tion coefficient has been a theoretically interesting con- 
cept with useful applications even though, as knowledge 
of it progressed, it has been found to depend in a com- 
plex way on a number of factors. Yet, if the observations 
presented in this paper are sustained, its most important 
simplicity is still maintained, i.e., the accommodation 
coefficient keeps a steady value as the pressure is re- 
duced toward zero. 
— We wish to acknowledge with appreciation the sup- 
port given this work by the Office of Naval Research 
and to express thanks for the contributions of J. W. 
Faust, F. J. Olmer, E. J. Rodekohr, W. M. Hubbard, 
and E. F. Cave to the work. We thank Professor J. L. 
Morrison of the University of Alberta, and Professor 
K. F. Herzfeld of Catholic University for comments on 
the work. 
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Harmonic Oscillator Contributions to the Thermodynamic Functions* 


P. TORKINGTON 
British Rayon Research Association, Barton Dock Road, Urmston, Lancashire, England 


(Received July 3, 1950) 


Tables giving the harmonic oscillator contributions to the specific heat, internal energy and free energy 
functions directly, for frequencies in the range 100 to 3600 cm, at nine standard temperatures, have been 


drawn up. 





HE available tables! for computing harmonic 
oscillator contributions to thermodynamic func- 

tions are tabulated for values of v/T from 0.10 to 10.0, 
In the present tables (Tables I-III), the contributions 
from any frequency can be looked up directly for the 
nine temperatures usually chosen. The specific heat 
tables are worked out to intervals of 10 cm from 100 
to 1000 cm™, 20 cm from 1000 to 1800 cm=, and 50 
cm from 1800 to 3600 cm. The values in heavy type 
were calculated directly from the existing tables; inter- 
mediate values were obtained by careful interpolation, 
using adjusted differences. The intervals in the internal 
and free energy tables are 50 cm from 100 to 500 cm, 
100 cm from 500 to 1800 cm~, and 200 cm~ from 
1800 to 3600 cm™. For each temperature, the second 
column contains the differences, and the third column 
contains the mean increments 3[¢(vy—10)—¢(v+10) ] 
in the function ¢ for Ay=10 cm at each frequency. 


The specific heat tables are given in full since this is the 
best function for checking vibrational assignments and 
estimating barrier heights resisting internal torsions. 
The condensed tables for the internal and free energy 
functions, if properly used, should be accurate enough 
for most purposes. Calculation of the contributions from 
the twelve modes of tetrachloroethylene® gave results 
(for the totals) to within 0.0005 for C, and 0.001 for 
(E°— E,°)/T and (F°—F,)°)/T of the values obtained 
using the tables in Taylor and Glasstone.! The rela- 
tively large contributions from the low frequencies is 
responsible for the lower accuracy in the internal and 
free energies. 

Harmonic oscillator contributions, and hence contri- 
butions from anharmonic internal torsions, can thus 
now be rapidly evaluated, facilitating calculations for 
polyatomic molecules. It seemed unnecessary to simplify 
the calculation of barrier heights.** 


TABLE I. Harmonic oscillator contributions to the specific heat in calories per degree per mole. 











°K 273.15 298.15 300 400 600 800 1000 1200 1500 
em7\, 
100 1.9415 1.9488 1.9493 1.9655 1.9772 1.9815 1.9834 1.9844 1.9853 
110 321 409 415 610 752 803 827 839 850 
120 219 323 330 562 731 790 819 834 847 
130 9109 229 238 510 708 776 810 828 843 
140 8991 129 139 454 683 762 801 822 839 
150 1.8866 1.9022 1.9033 1.9393 1.9655 1.9747 1.9791 1.9815 1.9834 
160 733 8909 8921 328 625 731 780 808 829 
170 592 789 803 260 594 714 769 800 824 
180 445 663 678 188 562 696 757 791 819 
190 291 531 548 112 528 676 744 782 813 
200 1.8130 1.8394 1.8412 1.9033 1.9493 1.9655 1.9731 1.9772 1.9807 
210 7962 251 271 8951 455 634 717 762 801 
220 788 8103 8124 865 415 612 703 752 794 
230 608 7948 7971 775 373 588 688 741 787 
240 422 788 813 681 329 563 672 730 780 





*This work has been carried out as part of the program of fundamental research undertaken by the British Rayon Research 


Association. 


‘E. B. Wilson, Jr., Chem. Rev. 27, 17 (1940); with corrected constants: S. C. Schumann and M. L. Schwartz in the section by 
J. G. Aston, of Taylor and Glasstone’s Physical Chemistry, (D. Van Nostrand Company, Inc., New York and London: MacMillan 
and Company, London, 1942) Vol. I, Atomistics and Thermodynamics. 


* P. Torkington, Trans. Faraday Soc. 45, 445 (1949). 


*K. S. Pitzer, J. Chem. Phys. 5, 469 (1937); K. S. Pitzer and W. D. Gwinn, J. Chem. Phys. 10, 428 (1942). 


‘B. L. Crawford, Jr., J. Chem. Phys. 8, 273 (1940). 
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TABLE I.—Continued. 








°K 273.15 298.15 300 400 600 800 1000 1200 1500 * 
cm7t cm 
250 1.7232 1.7624 1.7651 1.8582 1.9284 1.9537 1.9655 1.9719 1.9772 8 
260 7036 455 483 481 237 511 638 707 764 81 
270 6835 281 311 377 189 484 620 695 756 82 
280 629 7133 7135 270 139 456 602 682 748 83 
290 419 6922 6955 159 087 426 583 669 739 r+ 
j a 
300 1.6206 1.6735 1.6770 1.8047 1.9033 1.9394 1.9563 1.9655 1.9731 | 8¢ 
310 5988 545 582 7931 8978 362 543 641 722 87 
320 766 352 391 $12 921 329 522 626 712 88 
330 541 155 6196 691 862 296 500 611 702 89 
340 313 5955 5998 567 802 262 477 595 692 | 

350 1.5083 1.5751 1.5796 1.7440 1.8742 1.9225 1.9454 1.9580 1.9682 | 90 
360 4851 546 592 311 679 188 430 564 671 91 
370 617 338 386 179 615 151 406 547 660 92 
380 381 5126 5176 7045 549 113 381 529 649 93 
390 4144 4913 4965 6908 482 074 356 511 638 a 
) 
400 1.3905 1.4700 1.4753 1.6770 1.8412 1.9033 1.9330 1.9493 1.9626 96 
410 665 485 540 630 341 8992 303 474 614 97 
420 425 268 325 487 269 950 275 455 602 98 
430 3182 4051 4109 343 196 907 246 435 589 99 

440 2940 3831 3891 196 122 863 216 415 576 
450 1.2697 1.3610 1.3671 1.6047 1.8047 1.8818 1.9188 1.9394 1.9563 100 
; 460 455 388 451 5897 7970 772 158 373 550 102 
; 470 2213 3167 231 745 892 726 128 352 536 104 
j 480 1971 2945 3011 592 813 679 097 330 522 106 
490 730 723 2790 437 733 631 065 308 508 108 
500 1.1490 1.2501 1.2569 1.5281 1.7651 1.8582 1.9033 1.9285 1.9493 110 
: 510 251 279 349 5123 568 532 9000 262 478 112 
520 1014 2059 2130 4964 484 481 8967 238 463 114 
. 530 0778 1839 1911 805 398 429 933 214 447 116 
540 544 620 693 645 311 377 899 189 431 118 

550 312 401 475 485 223 324 864 164 415 
560 1.0082 1183 258 324 134 270 828 139 398 1201 
570 0.9854 0965 1041 4162 7044 215 792 113 381 122 
580 628 748 0825 3999 6953 160 755 087 364 124 
590 404 533 611 835 862 104 717 061 347 ~ 

. 600 0.9183 1.0320 1.0398 1.3671. 1.6770 1.8047 1.8680 1.9033 1.9330 
; 610 8964 1.0108 1.0187 506 677 7989 642 9006 312 130 
’ 620 747 0.9897 0.9977 341 582 931 603 8978 294 132 
1 630 533 689 769 176 486 872 564 950 276 134 
, 640 321 584 564 3011 390 812 524 922 257 136 
. 650 8112 280 361 2845 293 752 483 893 238 138( 

; 660 7907 9078 9160 679 195 691 442 864 219 
670 705 8879 8961 514 6096 629 400 834 199 1406 
680 507 682 764 348 5997 566 358 804 179 142( 
690 312 487 570 183 897 503 315 773 159 + 
700 0.7119 0.8295 0.8378 1.2018 1.5796 1.7440 1.8272 1.8742 1.9139 148( 

710 6929 8105 188 1854 695 376 228 711 118 
720 742 7917 8000 690 593 311 184 680 097 150 
730 559 732 7815 527 490 245 139 648 076 152¢ 
740 379 550 633 364 386 179 094 616 055 154( 
750 203 370 453 201 282 112 048 583 033 1566 
760 6031 193 275 1039 177 7045 8002 550 9011 158( 

770 5863 7018 7100 0877 5072 6978 7955 516 8989 
780 699 6846 6928 716 4966 910 908 482 967 re 

538 














OSCILLATOR FUNCTIONS 


TABLE I.—Continued. 













| : \ok 273.15 298.15 300 400 600 800 
” are 
772 800 (0.5379 0.6511 0.6592 1.0398 1.4753 _—*1.6770 
764 810 224 347 428 240 646 700 
756 820 5072 187 267 1.0083 539 629 
713 830 4923 6029 6109 0.9926 431 558 
739 | 840 778 5874 5953 770 323 487 
850 636 721 800 615 215 415 
731 860 497 572 650 461 4107 343 
722 870 361 426 503 308 3998 270 
712 880 229 283 350 157 889 196 
702 890 4100 142 218 9008 780 122 
= 900 0.3974 0.5004 0.5080 0.8860 1.3671 1.6047 
671 | 910 851 4869 4944 713 562 5972 
660 920 731 736 8i1 567 452 897 
649 930 614 607 681 423 342 821 
638 940 500 480 553 280 232 745 
950 389 355 428 8139 122 669 
626 960 281 234 306 7999 3012 592 
614 970 176 4114 186 861 2902 515 
602 980 3073 3998 4069 724 791 437 
589 990 2972 885 3955 588 680 359 
ae 1000 0.2874 0.374 0.3843 0.7453 1.2569 1.5281 
550 1020 689 560 627 7189 348 5125 
336 1040 514 356 421 6930 2127 4968 
522 1060 349 3162 225 676 1908 810 
508 1080 194 2977 3038 429 689 650 
493 1100 0.2047 0.2801 0.2860 0.6188 1.1471 1.4488 
478 1120 1908 633 691 5954 254 326 
463 1140 777 476 531 726 1038 4163 
447 1160 655 326 379 504 0823 3099 
431 1180 541 184 235 289 610 835 
a 1200 0.1434 0.2050 0.2099 0.5080 1.0398 1.3671 
381 1220 333 1922 1969 4877 1.0188 507 
364 1240 239 802 847 680 0.9980 342 
347 1260 152 688 732 489 773 177 
1280 1071 582 624 305 568 3011 
) 
oo 1300 0.0993 0.1482 0.1522 0.4127 0.9365 1.2845 
294 1320 921 387 425 3955 9163 679 
776 1340 854 296 333 789 8964 513 
357 1360 792 212 247 628 767 348 
238 1380 734 133 167 473 571 183 
od 1400 0.0679 0.1059 0.1091 0.3323 0.8378 1.2018 
179 1420 628 0990 1020 178 8187 1854 
159 1440 581 924 0953 3039 7999 690 
1460 537 862 890 2905 814 526 
139 1480 496 805 831 776 632 363 
po 1500 0.0458 0.0750 0.0775 0.2651 0.7453 1.1200 
076 1520 423 699 722 531 276 1038 
055 1540 301 651 673 416 7101 0877 
033 1560 362 606 627 306 6928 717 
011 1580 335 564 584 200 758 557 
989 
oo | 1600 0.0310 0.0525 0.0544 0.2099 0.6592 1.0398 
944 1620 286 489 507 2002 429 240 
1640 264 455 472 1909 268 1.0083 
1660 244 423 439 820 6110 0.9927 
394 734 











1200 1500 
1.8413 1.8922 
378 899 
343 876 
307 852 
271 828 
235 804 
198 780 
161 755 
123 730 
085 705 
1.8047 1.8680 
8009 654 
7970 628 
931 602 
892 576 
852 549 
812 522 
772 495 
732 468 
691 441 
1.7651 1.8413 
568 357 
484 300 
399 242 
312 184 
1.7224 1.8125 
135 064 
7045 8002 
6955 7940 
863 877 
1.6770 1.7813 
676 748 
581 683 
486 617 
390 550 
1.6293 1.7483 
195 415 
6097 346 
5998 277 
898 207 
1.5797 1.7136 
696 7064 
593 6991 
490 918 
386 844 
1.5281 1.6770 
177 695 
5072 620 
4966 544 
860 468 
1.4753 1.6391 
646 313 
539 235 
432 156 
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TABLE I.—Continued. 

























































SER 273.15 298.15 300 400 600 800 1000 1200 1500 
em7\, 
1700 0.0207 0.0367 0.0381 0.1652 0.5802 0.9618 1.2349 1.4216 1.5997 
1720 190 342 355 572 652 465 217 108 917 
1740 175 317 330 495 505 313 2085 4000 836 
1760 161 295 307 422 360 161 1953 3891 755 
1780 148 274 285 353 219 9010 821 781 674 
1800 0.0136 0.0254 0.0265 0.1286 0.5080 0.8860 1.1690 1.3671 1.5592 
1850 111 208 218 135 4747 496 1363 396 386 
1900 091 173 181 1001 430 8140 1038 3120 5177 
1950 074 144 151 0882 4128 7792 0716 2845 4966 
2000 0.00585 0.0119 0.0125 0.0775 0.3843 0.7453 1.0398 1.2569 1.4753 
2050 472 098 103 678 576 7123 1.0084 294 540 
2100 381 081 085 594 323 6802 0.9773 2020 324 
2150 308 067 070 520 3084 490 465 1746 4107 
2200 0.00248 0.00550 0.00578 0.0454 0.2860 0.6188 0.9161 1.1472 1.3890 
2250 199 449 474 397 649 5895 8860 1200 670 
2300 159 370 392 347 452 613 570 0930 450 
2350 128 305 323 304 269 342 282 664 230 
- 2400 0.00103 0.00250 0.00265 0.0265 0.2099 0.5080 0.8000 1.0398 1.3010 
2450 082 203 216 231 1940 4826 7723 1.0134 2790 
2500 066 167 178 201 789 583 453 0.9876 570 
2550 053 136 145 174 647 350 187 619 351 
2600 0.00042 0.00111 0.00118 0.0151 0.1519 0.4127 0.6928 0.9365 1.2130 
2650 034 090 096 130 400 3911 675 9112 1910 
2700 027 074 079 113 289 706 429 8864 690 
2750 021 061 065 098 186 510 6189 619 471 
2800 0.00017 0.00049 0.00053 0.60852 0.1091 0.3323 0.5953 0.8378 1.1255 
2850 40 43 736 1003 3141 726 8141 1039 
2900 Je 35 635 0920 2970 506 7907 0823 
2950 26 28 550 844 807 291 678 610 
3000 0.00021 0.00023 0.00474 0.0775 0.2651 0.5080 0.7453 1.0398 
3050 410 710 504 4878 233 1.0188 
3100 354 651 362 682 7015 0.9980 
3150 306 596 227 489 6801 773 
3200 0.00265 0.0544 0.2099 0.4305 0.6593 0.9568 
3250 227 497 1982 4128 389 363 
3300 196 454 869 3956 6189 9161 
3350 169 416 758 789 5994 8960 
3400 0.00145 0.0381 0.1652 0.3627 0.5802 0.8761 
3450 125 348 553 471 614 667 
3500 107 318 459 320 431 578 
3550 092 290 370 176 253 489 
3600 0.00079 0.0265 0.1286 0.3038 0.5080 0.8000 
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Transport Properties of Dense Media. I. Thermal Diffusion in 
Isotopic Mixtures of Gases 


W. L. Ross anp H. G. DrICKAMER 
University of Illinois, Urbana, Illinois 


(Received June 19, 1950) 


Based on Meixner’s thermodynamics for irreversible processes, and the work of Haase, an equation for the 
thermal diffusion ratio a, which can be evaluated from the equation of state, is presented. 

Using van der Waals’ equation, a’s are calculated in the critical region and compared with data for ethane- 
xenon. The equation reproduces all the essential features of the experimental results. 

Calculations made for a mixture of isotopes indicate that the effect of pressure on a cannot be attributed 


to selective clustering. 





Nomenclature 


A, B, C=phenomenological coefficients 
a, b=van der Waals’ constants 


ci=pi/M; 

D= diffusion coefficient 

_f=fugacity 

H;=partial molar enthalpy of component 7 
H;*=partial molar enthalpy of comp. 7 in standard state 

J;=flux of component i 

J..=flux of heat 

M;=molecular weight of component i 


=mean molecular weight 
p=pressure 

R=gas constant 

T= temperature 
T,=reduced temperature 7/7. 
T.=critical temperature 
V;=partial molar volume of i 
V=mean molar volume 

x;=mole fraction of component 7 

a= thermal diffusion ratio 

\= thermal conductivity 

i= chemical potential of component 7 
pi=mass per unit volume of component 7 
p=mean density of system 
pr=reduced density = p/p. 

p-=critical density 


HE thermodynamics of irreversible processes as 
developed by Meixner'~* and de Groot‘ permits 
the prediction of relationships which must exist among 
the transport coefficients of a nonuniform mixture. 
Haase® has extended this to the actual calculation of 
transport properties. The method has the disadvantage 
of not giving absolute values, but it is possible to pre- 
dict the changes with pressure and temperature in 
dense gases, and even in liquids, where the kinetic 
theory is not yet applicable. It is the purpose of this 
paper to compare calculated and experimental thermal! 
diffusion coefficients in the critical region. 
Let us consider a binary mixture with a temperature 
and concentration gradient, omitting, for the time 
being, any gradient in the pressure or in an externally 


1 J. Meixner, Ann. d. Phys. (5) 39, 333 (1941). 

2 J. Meixner, Ann. d. Phys. (5) 43, 244 (1943). 

3 J. Meixner, Zeits. f. Physik Chemie B53, 235 (1943). 
4S. R. de Groot, Thesis, Amsterdam 1945. 

5 R. Haase, Zeits. f. Physik 127, 1 (1949). 


applied force. Then, following Haase, the flux of com- 
ponent one can be written 
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Comparing this with the flux equation in kinetic theory 
terms 


1 
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Fic. 1. Calculated 
plot of 7, versus pr for 
constant a. 
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From known thermodynamic relationships® 














Om 0” Inf 
4 = R | 1 + XX (9) 
Ox; Ox,’ 
a é Inf 0 dlnf 
Hy, = Ay—RP| + Xo | (10) 
oT OT Ox, 
For perfect gases we can write 
H,*M.—H.*M, /B\ MM; 
A A wy 
MRT A/y RT 


ay, the thermal diffusion ratio for an ideal gas, is calcul- 
able from the kinetic theory using the Lennard-Jones 
model and Enskog’s equations. If we now assume that 
the ratio B/A is independent of the state of the system 
(it can be shown from diffusion data that A varies as 
much between different ideal gas mixtures as it does 
between gas and liquid), the value of a can be calcu- 
lated for any system for which the equation of state 
is known. 

Haase® has made the calculation for gas describable in 
terms of the second virial coefficient, and has shown that 
ais pressure dependent, but his equations fail to repro- 
duce the phenomena found’ in the critical region. 

If we consider now a van der Waals’ gas the fugacity is 


b 2a 
Inf=InRT+——-— In(V —b) —-——_- (12) 
V—b RTV 


°F, T. Wall and G. Stent, J. Chem. Phys. 17, 1112 (1949). 
ow Duffield, and Drickamer, J. Chem. Phys. 18, 950 
950). 
om Duffield, and Drickamer, J. Chem. Phys. 18, 1027 
950). 


In a gas mixture we can set 


V= iV tx 2, (13a) 
b=)4x14+- Dox, (13b) 
a= 4y%7+ 20.12% 1X2+ d29x2", (13c) 


a> (a;a2)?. 


For the first approximation let us consider a mixture 
of isotopes. This simplifies the results as a, b, and V are 
independent of x. 

Then 

Ouy 
4,—_ = RT, 
Ox, 


: ) ont? 
A= A= H*-| (= ~~) 
 (V-b) 


RT 


(14) 
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Fic. 2. Plot of experimental 7, versus py for constant a. 
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Now the experimental data in the critical region are 
for the system ethane-xenon. The van der Waals’ con- 
stants for these gases do not differ greatly. To the first 
approximation we can consider these as a mixture of 
isotopes of molecular weights 133 and 30, using ao 
evaluated from kinetic theory. 

Figure 1 is a plot of 7, versus p, with lines of con- 
stant a. Figure 2 shows the results of experiment. It can 
be seen that the calculated curves reproduce all the 
essential features of the experiment. While the agree- 
ment is entirely qualitative nevertheless it seems very 


BELL AND H. H. 





NIELSEN 





remarkable that the double sign change in a with 
increasing density could be predicted using no empirical 
constants. 

It is of particular interest to note that this calculation 
has been made for a mixture of isotopes. In the original 
papers” * the phenomenon was attributed to a selective 
clustering of the ethane molecules. No such selective 
clustering would be conceivable among isotopes, so that 


. this seems rather to be a phenomenon of molecular 


interaction explainable directly from kinetic theory. 
It is hoped that the consideration of ternary collisions 
now being undertaken by Kirkwood and Hirschfelder 
will permit the prediction of the pressure coefficient 
of thermal diffusion. 

It is planned to treat thermal diffusion in noniso- 
topic mixtures, diffusion and thermal conductivity in 
dense gases, and transport properties of'van der Waals’ 
liquids in later papers. 
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The Infra-Red Spectrum of Acetylene* 


E. E. BELL AND H. H. NIELSEN 
Ohio State University, Columbus, Ohio 


(Received June 29, 1950) 


New measurements of the infra-red absorption spectrum of acetylene between 16 and 2.5u have estab- 
lished many new bands. A cooling experiment has demonstrated that the central line of the parallel band 
vai+y;! (1328.18 cm) belongs to a difference band, 274°+-v;!—»,! (1328.46 cm). Resolution sufficient to 
distinguish the center of the fundamental v3 (3282.5 cm™) from the combination band »2+ y4!+-v5! (3295.56 
cm~!) has been obtained. An interesting I1,—II,-band, identified as »:+-;!—»4!, is shown. Frequencies of 
the infra-red inactive fundamentals are derived and many anharmonic coefficients are evaluated. Diagrams 
of the absorption regions and tables of the line frequencies are included. 


CETYLENE is known to be a linear, symmetrical 
molecule. Because of its simplicity and small 
moment of inertia, a large amount of experimental and 
theoretical work has been done with respect to its infra- 
red absorption spectrum. Expressions for the vibration- 
rotational energy levels have been obtained through 
second-order contributions by Shaffer and Nielsen.! 
Assignments of bands and numerical evaluations of the 
anharmonicity constants have been made by many 
workers.? Experimentally, the photographic infra-red 
bands have been well measured, and the Raman spec- 
trum of the liquid has been obtained. The bolometric 
infra-red bands of acetylene have been measured with 
high dispersion by Levin and Meyer.’ 


*A part of the material of this paper was presented at the 
Symposium on Molecular Structure and Spectroscopy at Ohio 
State University, in Columbus, Ohio (June, 1947). 

1 W. H. Shaffer and A. H. Nielsen, J. Chem. Phys. 9, 847 (1941). 

2 Note the many references given by G. Herzberg, Infrared and 
Raman Spectra of Polyatomic Molecules (D. Van Nostrand Com- 
pany, Inc., New York, 1945). 

3 Levin and Meyer, J. Opt. Soc. Am. 16, 137 (1928). 


This early work of Levin and Meyer left several 
questions unanswered. A parallel-type band, v4!+5/, 
seemed to have an absorption line at the center, sug- 
gestive of a Q branch.‘ This line was also observed later 


by Nielsen and Williams.®* The work of Levin and Meyer 


did not allow an accurate determination of the center of 
the v;-fundamental band because of the interference of 
an overlapping band. 

A more extensive measurement of this region of the 


‘In agreement with G. Herzberg (see reference 2) the vibra- 
tional frequencies will be designated as follows: 

v1, species Z,*, about 3373 cm™, parallel vibration in which the 
C atoms are approaching while the H atoms are separating. 

v2, species Z,*, about 1974 cm™, parallel vibration in which the 
CH groups vibrate against each other. 

v3, species Z,*, about 3282 cm~, parallel vibration in which the 
C atoms are moving together against the H atoms. 

v4, Species II,, about 613 cm™, perpendicular vibration in which 
the C atoms move opposing each other and H atoms move 
against each other. 


vs, species II,,, about 731 cm™, perpendicular vibration in which [, 


the C atoms move together against the H atoms. 
5 A. H. Nielsen and D. Williams, Phys. Rev. 59, 911A (1941). 
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infra-red spectrum of acetylene has now been made and 
the results will be given in this paper. 

The notation used to designate the anharmonic 
coefficients is that used by Shaffer and Nielsen. The 
vibrational energy of acetylene is given by 


5 5 
Gy=Got Dd wn(Vatgn/2)+D Xan(Vntgn/2)? 
n=l 


n=1 


5 5 
+ hs 2 Xnn'(Vatgn/2)(Vntgn/2) 


n=1 n’>n=1 


5 
+> Xin(li2—1), 


k=4 


where V, is the vibrational quantum number associated 
with the normal frequency w,, and g, is the degree of 
degeneracy of the mode wp. g1= go= g3= 1 and gs=g5=2. 
|, is the quantum number associated with the internal 
angular momentum arising from the twofold degenerate 
vibrations and may assume the values +V;, +(Vi.—2), 
-++-+1 or 0. The values of Go, Xnn, Xnn’, and X;,; are given 
in terms of the generalized force constants in the paper 
by Shaffer and Nielsen. 
The rotational energy of acetylene is 


‘Fr= BylJ(J+ 1)—F], l=L4+-1; 


where J is the quantum number associated with the 
total angular momentum and may have integral values 
such that J>[l,+/;| and the centrifugal stretching 
term is omitted because it was not of significance in this 
molecule. It is to be noted that the band frequencies are 
Gy’—Gy” and these do not correspond to the positions 
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of the Q branches (or band centers, where AJ=0) 
unless A/=0. 


EXPERIMENTAL 


The absorption bands were measured with an 
automatic recording vacuum grating instrument.® The 
gratings were calibrated by measuring several orders of 
two strong mercury arc emission lines near lu. The 
measured wave-lengths of the absorption lines in this 
paper are the wave-lengths in vacuum obtained directly 
without correction, by making all band measurements 
with the spectrograph evacuated. The records of the 
bands were obtained on a Speedomax recorder and were 
marked at every 10 min. of arc of the grating position 
(sometimes every 5 min.). The frequency, in cm~, at 
these calibration points was computed. The frequencies 
of the lines were obtained by interpolation between the 
calibration points. Repeated measurements extending 
over several months time indicated that the measure- 
ments were consistent within one-tenth cm for the 
lines tested. Measurements to one-hundredth of a wave 
number were used with the combination principles to 
obtain band centers, etc., and some frequencies will be 
given to this accuracy, even though all frequencies are 
of questionable absolute accuracy even in the fifth 
significant figure. 

The acetylene used in these measurements was made 
by the action of water on calcium carbide. No special 
precautions were made to assure the purity of the acetyl- 
ene used. The gas was passed through drying towers 
filled with calcium chloride before it was admitted to 
the absorption cell. The absorption cells each contained 
a small boat of anhydrous phosphorus pentoxide to re- 
move the last traces of water vapor. By preevacuation 
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Fic. 1. The v;!-band of acetylene as measured with the 1800 lines per inch grating. For the values of the line 
frequencies see Table I. 
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TABLE I. The »;!-band frequencies, see Fig. 1. 
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Line Line 

No. vel em~! No. ysl cm7 
1 P (25) 670.67 31 R (2) 736.98 
2 P (24) 673.02 32 R (3) 738.97 
a P (23) 675.34 33 R (4) 741.27 
4 P (22) 677.83 34 R (5) 743.58 
5 P (21) 680.02 35 R (6) 746.01 
6 P (20) 682.39 36 R (7) 748.36 
7 P (19) 684.75 37 R (8) 750.81 
8 P (18) 687.07 38 R (9) 753.33 
9 P (17) 689.54 39 R (10) 755.53 


10 P (16) 691.66 40 R (11) 757.96 
11 692.81 41 R (12) 769.40 
12 P (15) 694.19 42 R (13) 762.70 
13 P (14) 696.46 43 R (14) 764.93 
14 697.20 44 R (15) 767.23 
15 P (13) 698.88 45 R (16) 769.45 
16 P (12) 701.26 46 R (17) 771.84 
17 701.58 47 R (18) 774.14 
18 P (11) 703.68 48 R (19) 776.53 
19 P (10) 706.00 49 R (20) 778.88 


20 P (9) 708.34 50 R (21) 781.20 
21 P (8) 710.47 51 R (22) 783.50 
22 P (7) 713.01 52 R (23) 785.87 
23 P (6) 715.44 53 R (24) 788.23 
24 716.67 54 R (25) 790.63 
25 P (5) 717.75 55 R (26) 792.94 
26 P (4) 720.27 56 R (27) 795.31 
27 P (3) 722.46 57 R (28) 797.57 
28 P (2) 724.72 58 R (29) 799.87 
29 726.13 59 R (30) 802.04 
30 R (i) 734.24 60 R (31) 804.53 








of the gas generating system and the cell, atmospheric 
carbon dioxide was eliminated from the absorption cell. 

The absorption bands shown in this paper were 
traced from the original records in such a manner as 
to eliminate most of the drift of the thermocouple 
(a “dc’”’ amplification system was used as described in 
reference 6). Some of the peculiar intensities on the 
middle of the R branch of Fig. 1 were introduced by 
shifting the foreprism while this portion of the spectrum 
was being recorded. For the other bands a single setting 
of this prism was used for the whole range. 

The values for the band centers, for B”’, and for 
B’— B” were obtained by use of the combination prin- 
ciples’ in the bands for which the rotational lines were 
well-enough resolved. 


EXPERIMENTAL RESULTS 


In describing the results it will be convenient to 
indicate the absolute value of the quantum number / by 
the usual superscript appended to the frequency. For 
example, the notation »v;!+2v4°—v,! will mean the 
vibrational frequency for a transition from a lower 
state with Vs=1, |/,]=1 to a state with V;=1, 
\2s| =1, Vs=2, [14 =0, all other vibrational quantum 
numbers being zero. The active fundamental band 
regions will be discussed first and the derived values of 
the infra-red inactive, but Raman active, fundamentals 
will be given. The combination bands will be discussed 
in the order of increasing frequencies. Finally the de- 


7 See reference 2, p. 340 ff. 
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cussed. 
THE FUNDAMENTAL BANDS AND FREQUENCIES 
v;'-Band 


Of the five fundamental frequencies of acetylene only 
vz and »;! are observed in the infra-red spectrum. The 
appearance of the v;'-band, which has a frequency of 
730.74 cm™, is shown in Fig. 1, and the line frequencies 
are given in Table I. The lines in Table I are numbered 
to correspond with the line numbers in Fig. 1. A com- 
bination principle applied to the P and R branch lines 
gives a Q branch position of 729.56 cm~. If this band 
were the »;!, (II,.—2,), band only, it would consist of a 
strong central Q branch and P and R branches with 
alternating intensities and a missing P (1) line. That 
this absorption region consists of more than the v;!-band 
is easily seen. Line No. 24 at 716.67 cm™ is identified as 
the Q branch of the difference band v4!+y5!—p,', 
(2.-, 2u+—II,), with /=0 in the upper state. The 
vibrational frequency for this difference band is there- 
fore 715.49 cm—. The band v4!+-y5!— »4!, (A, —II,), with 
/=2 in the upper state would be expected to produce a 
Q branch (weaker relative to its P and R branch lines 
than the 2,-, 2,*—II,-band Q branch) with a fre- 
quency 4B” smaller than line No. 24. A Q branch at 
this expected position, 712.06 cm™, is not seen in the 
spectrum except in disturbing the resolution of lines 
No. 21 and No. 22. The bands 2»; °— »;!, (Ay, 2,*—TII.), 
would also lie in this region of the spectrum. The Q 
branch of the 2v;°—»;!-band adds to the intensity of 
line No. 26 and the Q branch of 2y;?— »;! is at 730 cm™ 
and hence is masked by the Q branch of v;'. The assign- 
ment of these bands is consistent with anharmonic 
coefficients «5; and X55 which are obtained from bands in 
the region of 3y;!. The frequency 2»;°—y;! is therefore 
719.09 cm with a Q branch at 720.27 cm. The presence 
of bands other than »;! in this spectrum is also indicated 
by the presence of line No. 29 which is not at the right 
position to be a P (1) line of the v;! [the P (1) line 
should have zero intensity], by the lack of proper 
three to one intensity alternation in the lines of the P 
and R branches, and by the presence of satellites on the 
R branch lines near the center of the band. 

A combination principle applied to the lines in the 
P and R branches gives a value B’ — B’’ = —0.0008 cm“. 
The convergence of the Q branch, however, is consistent 
with a positive value of B’—B”. This may be under- 
stood in the following manner.* The levels in the upper 
state are split by an /-type doubling. These component 
states have, effectively, two different B’ values which we 
shall designate by B..’. The lines in the P and R branches 
are due to transitions from the normal vibration state 
to the lower components in the upper state. The com- 
ponents of the Q branch, however, are due to transitions 
from the normal state to the upper component states. 








* Note added in proof: this anomaly has been discussed by G. 
Herzberg in Rev. Mod. Phys. 14, 219 (1942). 


rived results and anharmonic coefficients will be dis- 
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SPECTRUM OF ACETYLENE 


The quantities B..’ are equal to B..’= B’+A where B’ 
are the B, given by Shaffer and Nielsen and where A for 
astate V3= | 1s| oe is equal® to B(B/ws)[14+ Derk s04w5?/ 
(ws:?— ws") ]. It is readily verified that ¢53?=1 and 
fs’ ={s2?=0 so that A reduces to B(B/ws)[1+4w;?/ 
(w3’— ws”) |. Insertion of the constants Bi, ws, and ws 
into A leads to a value A=0.0023 cm™. The value 
B’— B” =—0.0008 referred to earlier is in reality 
B_'—B"”. From the definition of B,’ we have that 
B,'— B” = B_'— B”+2A. We obtain, therefore, B,’— B”’ 
=+0.0038 cm~ which is positive as indicated by the 
convergence of the Q branch. 


v;-Band 


The fundamental v3, (2.*—2Z,*), which has a fre- 
quency of 3282.5 cm™, is shown in Fig. 2. This band is 
overlapped by the combination band yo+y4!+ ;!, 
(2.+—2Z,*). The resolution is sufficient to separate 
these two bands as is indicated by the schematic dia- 
gram of the two bands shown in Fig. 2. The relative 
intensities of the two bands in the schematic spectrum 
were chosen to approximate the observed spectrum by 
giving the combination band twice the intensity of the 
fundamental. The B’— B” values for these bands, given 
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in Table XI, cannot be accurate because of the inability 
to measure the frequencies of the lines of either band 
without interference from the lines of the other band. 
The line frequencies for these two bands are given in 
Table II. It is strange that the intensity of the funda- 
mental should appear weaker than the combination 
band and it is possible that these assignments may have 
to be interchanged. A test of the validity of the assign- 
ment may be obtained from the anharmonic constants 
after the band 2+ ,'—y,' or the band v2+5!— v4! is 
observed. The v2+7,4!— v;'-band was not observed with 
our instrument with a 30-in. cell containing acetylene 
at atmospheric pressure. In view of the anharmonic 
constants, as presently evaluated (see later), it seems 
that it would be possible to invert this assignment of 
vz and vot pvgi+ ysl. 

The band v3+v—v,', (I].—T],), is expected at 
3270.7 cm™ and may therefore be adding to the inten- 
sity of line No. 27 at 3270.9 cm~. Line No. 27 is not 
significantly larger than one would expect without the 
addition of the Q branch of v3+ »4!— v4. One of the com- 
ponents of ve+2v,4°?+-y;!—y,', (211., &.—Tl,), is ex- 
pected at 3286.6 cm™™ and the Q branch probably adds 
to distort the intensities of lines No. 38 and No. 39. 
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Fic. 2. The v3- and v2+4!+-y;5!-bands of acetylene as measured with the 7500 lines per inch grating. 
The values of the line frequencies are given in Table II. 





*H. H. Nielsen, Phys. Rev. 77, 130 (1950). 
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TABLE II. The »3- and v2+4!+7;!-band frequencies, see Fig. 2. 











Line Line 
No. v3 vetvel+yst cm No. v3 votval+ys! cm 
Ll Pte 3213.5 41 R(2) 3289.4 
2 PC) 3215.8 42 R(3) 3291.7 
3. P (26) 3218.7 43 P (1) 3293.2 
4 FS) 3221.2 44 R(4) 3294.1 
5 P (24) 3223.7 45 R(5) 3296.4 
6 P C3) 3226.3 46 R (0) 3297.9 
1 #@ 3228.8 47 R(6) 3298.6: 
8 Pt) 3231.6 48 R(7) 3300.8 
9 P (20) 3234.0 49 R (2) 3302.5 
10 P (19) 3236.6 50 R(8) 3303.1 
ii 6 Ct) 3239.2 51 R (3) 3304.2 
wZ Fis) 3241.7 52 R(9) 3304.7 
13 P(6) P(21) 3244.2 53 R (4) 3307.2 
14 P(15) P(20) 32465 54 R(10) 3307.8 
15 P(14) P(19) 3249.0 55 R (5) 3309.7 
146 P(13) P(18) 32515 56 R(1i1) 3310.0 
17 P(12) P(17) 3254.0 57 R(12) R(6) 3311.9 
18 P(i1) P(16) 32563 58 R(13) R(7) 3314.3 
19 P(1i0) P(15) 3259.1 59 R(14) R(8) 3316.6 
20 P(9) P (14) 3261.2 60 R(15) R(9) 3318.8 
ye at) 3263.6 61 R(16) R(10) 3321.0 
22 P(13) 3264.2 62 R(17) R(11) 33233 
a FT) 3265.8 63 R(18) R(12) 3325.3 
24 P(12) 32665 64 R(19) R(13) 3327.6 
Zo Ft 3268.4 65 R(20) R(14) 3329.8 
26 P(11) 3269.1 66 R(21) R(15) 3332.0 
zt 6 GS) 3270.9 67 R(22) R(16) 3334.0 
28 P(10) 32714 68 R(23) R(A17) 3336.2 
29 ~=P (4) 3273.0 69 R(24) R(18) 3338.3 
30 P (9) 3273.9 70 R(25) R(19) 3340.4 
31 P (3) o2to.o 1 R(20) 3342.7 
32 P (8) 3276.2 72 R(21) 3344.7 
as 6fF@®) aati.o - 13 R(22) 3346.7 
34 P (7) 3278.7 74 R (23) 3348.8 
gs 6 P'tR) 3279.8 75 R (24) 3350.7 
36 P (6) 3281.3 76 R (24) 3352.8 
37 P (5) 3283.6 77 R (25) 3354.9 
38 P (4) 3286.2 78 R (26) 3356.9 
3S Ri) 3287.0 79 R(27) 3359.1 
40 P (3) 3288.5 80 R (28) 3360.9 








vir» Vor, v4'-Frequencies 


No other fundamental bands of acetylene are infra- 
red active. The fundamental Raman frequencies of 
acetylene gas may be obtained from some difference 
bands which will be discussed later. These fundamental 
frequencies are the following: »,=3373.2 cm™, 
ve= 1974.0 cm™, and v4!=613.3 cm. 


COMBINATION BANDS 
vji- v;'-Band 


A weak perpendicular band with a frequency of 
1243.3 cm™ has a Q branch which may be seen among 
the P branch lines of the »,!+-»;!-band as shown in 
Fig. 3. This band must be »:—»;!, (2,*—Il.). The 
majority of the lines seen on the two sides of the Q 
branch must be associated with the v!+-»;!-band. 
The Q branch peak which was taken for the band 
center, as marked in the Fig. 3, is at 1244.5 cm™. 


vit V5 1-Band 


A very intense summation band is found at 1328.18 
cm-', which is identified as v4!+-y,!, (2.+—2,*). This 
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should be a parallel-type band with no Q branch and 
alternating intensities. The experimentally obtained 
band, Fig. 4C appears to have a line at the center 
and does not have the expected three to one intensity 
alternation in the rotation lines. The record shown in 
Fig. 4B was obtained by placing dry ice around the 
absorption cell, except at the windows, and thereby 
reducing the temperature to about —75°C. The record 
of Fig. 4C was obtained with the same instrumental 
conditions (slit widths, etc.) after the dry ice had sub- 
limed away and the cell has warmed up to room tem- 
perature. It is easily seen that the central line, which is 
marked by an arrow in Fig. 4, is temperature sensitive. 
The alternating intensity is more marked in the 
cooled sample. We conclude that there must be a 
difference band in this region which arises from an 
excited V,=1 or V;=1 state, because the intensity of 
a difference band would be reduced by cooling, i.e., 
by reducing the number of molecules in the initial 
thermally excited level. 

This difference band, with a Q branch in the center 
of the v4!+-y;!-band, is found to be one of the two bands 
24° ?-+-v5!—v,', (211,.—II,), with a central Q branch 
at 1328.46 cm. The center of the v4!+-»;!-band is at 
1328.18 cm as found by a combination principle ap- 
plied to the rotational lines of the cooled gas record, 
Fig. 4B. The fact that the 1328.46-cm™ Q branch is 
not quite at the center of the v4!+-»;!-band was ap- 
parent on the original records. The bands 274°+ »;!—p;! 
and 2y,?+v;!— v4! would be of the same type, (II,,—TII,), 
but not at the same position because of the X44/° term 
in the vibrational energy of the two upper states would 
be different. A difficulty of assignment of this band will 
be reviewed later in the discussion of anharmonicity 
coefficients. The addition of a band of the II,—TII,-type 
together with v,'+-y,;! seems to explain the apparent 
intensities of the main lines in this region of the spec- 
trum. The appearance of a II,,—TII,-type band is shown 
in Fig. 9. 

The record shown in Fig. 4A was made with a cell 
whose windows had not been fogged by the dooling 
procedure. The additional lines seen between the main 
lines are difficult to explain. The most abundant ex- 
pected isotope, H'—-C”’=C"— H', would be asymetrical 
and would not show the apparent intensity alternations 
which these minor lines seem to show. The difference 
bands 2y4°?+-v;!— v4!, discussed above, and the differ- 
ence bands v4!+2y;°?—~y,!, (II,—II.), also would not 
show this intensity alternation. The very weak bands 
v3— Vv2o(2ut—2Z,"*), and vot vit V5'— vo, (2,t—2Z,*), 
while of the proper type, would be expected to have a 
center in the P branch near 1310 and 1320 cm. There 
are some additional lines in the P branch, but good 
records of them were not obtained. An isotope band 
might account for these additional P branch lines. 

The line frequencies for the v4!+v;!-band are given in 
Table III. The combination relations applied to the 
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SPECTRUM OF ACETYLENE 


lines of the cooled gas records give B’’=1.1769 cm 
and B’/— BY” =+0.003 cm=. 

The upper state level V;=1, V4=2 which is involved 
in producing the central line in the 274°?+-v;!— v4!-band 
has been measured in transitions from the ground state, 
see Fig. 5 and the next paragraph. The value of the 
lower state level Vs=1 has been derived from several 
difference bands. From the knowledge of the upper and 
lower levels it is possible to predict the position of the 
Q branch of the 27,4°?+-y;!—v,!-band. The predicted® 
value is 1328.4 cm~ compared with the experimental 
value of 1328.46 cm“. 


2 v4" 0 — v;'-Band 


There are two Q branches with frequencies 1940.52 
and 1960.66 cm shown in Fig. 5. It is natural to iden- 
tify these as 2v4°+y,!, (II.—2,t), and 2v?+,', 
(II. —2,*), which would immediatelv give the value of 
the separation 4X44 as +20.14 cm™ with a sign depend- 
ing upon which of the two ways the assignment is made. 
There is difficulty with both ways, however, as will be 
seen later when an evaluation of the constant X44 is 
made. The difference bands 3y,4*!+-v5!—v4!, (2u*, Za, 
2A,—II,), and 2v2°+2y,2— ys}, (23,+, B,-, 24,—Tx) 
will also lie in this region. A cooling experiment to de- 
termine whether either one of the two Q branches in this 
region belonged to a difference band was inconclusive 
but seemed to indicate that it did not. An investigation 
of the possible vibrational resonance interactions and 
coriolis interactions has not disclosed any reasonable 
explanation for a shift in the positions of these bands. 


Fic. 3. The vi—p;'- 
band Q branch as meas- 
ured with the 3600 lines 
per inch grating. 
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TABLE III. The »+-»;!-band frequencies, see Fig. 4. 











Line Line 
No. vai +y5l cm! No. vai tvs! em! 
1 P (20) 1282.3 21 1328.46 
2 P (19) 1284.6 22 R (0) 1330.6 
3 P (18) 1286.8 23 R (1) 1333.0 
4 P (17) 1289.0 24 R (2) 1335.3 
5 P (16) 1291.2 25 R (3) 1337.7 
6 P (15) 1293.5 26 R (4) 1340.1 
7 P (14) 1295.8 27 R (5) 1342.4 
8 P (13) 1298.0 28 R (6) 1344.9 
9 P (12) 1300.3 29 R (7) 1347.1 
10 P (11) 1302.7 30 R (8) 1349.7 
11 P (10) 1304.9 31 R (9) 1352.1 
12 P (9) 1307.2 32 R (10) 1354.4 
13 P (8) 1309.5 33 R (11) 1356.9 
14 P (7) 1311.8 34 R (12) 1359.3 
15 P (6) 1314.2 35 R (13) 1361.8 
16 P (5) 1316.4 36 R (14) 1364.2 
17 P (4) 1318.7 37 R (15) 1366.6 
18 P (3) 1321.1 38 R (16) 1369.1 
19 P (2) 1323.5 39 R (17) 1371.5 
20 P (1) 1325.8 40 R 


(1°) 1373.9 








No resonance would be expected to induce infra-red 
activity in a band here either. The line frequencies are 
given in Table IV, and B’— B’=0.0032 cm for the 
lines associated with the 1940.52-cm~! Q branch. A 
tentative assignment of 2»,°+y,'! to the stronger Q 
branch gives this band a vibrational frequency of 
1941.70 cm“. 


3 v;'-~Band 


A perpendicular band attributed to 3»;', (II.—2,*), 
is found with a frequency of 2170.84 cm™ and is shown 
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_* The 2»,%°-+-»s!—»'-band was used together with the »'+-»;!-band to obtain one experimental value of the V,=1 level, but the 
V,=1 level could be obtained from other pairs of bands and thus predict the position of the Q branch 24%?+-»5!—»¢. 
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in Fig. 6. The intensity alternation shows very well in 
this band. The value of B’—B” equal to 0.0020 cm™ 
and the band center of 2169.67 cm~ were obtained from 
the combination relations. The line frequencies are given 
in Table V. There are several extra lines in the spectrum 
whose intensities relative to the other lines seemed to be 
decreased by cooling. Among these lines are Nos. 17 and 
22, which are undoubtedly Q branches of difference 
bands. The difference bands which may be expected in 
this region are v4'+3y,°'!—y,', (Lu, Lut, 2Au—Tl,), 
and 4y529—p,', (S,t, A,—Il,). Anharmonic constants 
derived from other bands indicate that the Q branch 
of 3v_'!4-v4'— vy! would be near 2122 cm-'. Near this 
position there is no obvious Y branch. The expected 
position of 4v,°— v5! is near 2151 cm™ so we believe that 
line No. 17, which occurs at 2152.0 cm™', is of the Q 
branch of this band. Thus the frequency of 4v5°— 5! is 
2150.8 cm-!. The line No. 22 is chosen as the QV branch 
of 4v,2— v5! because the bands v,5', 3v5', 4v5°—v5', and 
4v,?—v,5' give values for the anharmonic constants 255 
and N55 which are consistent with the assignment of 
2v5°—v5'. The frequency 4y,’— v5! is taken to be 2165.0 
cm, It is not possible to interchange the assignments 
of 4y.2— v5! and 4y,5°— vs' without leading to an incon 
sistancy in the anharmonic constants. 


3 v,! 4 v;'-Band 


A weak parallel band attributed to 3y,'+7;', 
(>, *+—2,*), is found at the edge of the 3.74 absorption 
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group. Figure 7 shows this band and the overlapping 
of the lines of the 3.74 bands on the high frequency side. 
Only a few of the weak lines show in the record because 
of the poor resolution, and therefore it is difficult to find 
the center. The center has been chosen as 2556.5 cm 
as indicated in Fig. 7. The center might very well be 4B 
larger than this value. The frequencies of the lines are 
given in Table VI. 


—— v5!-, i vie, vot vai +t v5! me vl-, and 


Veo oo v;'-Bands 


Four distinct Q branches are found in the 2700-cm“! 
region as shown in Fig. 8. The frequencies of these lines 
are given in Table VII. These bands are: »,;—»;', 

>,*+—TII,), with a Q branch at 2643.69 cm and a fre- 
quency of 2642.51 cm™; v3—v4', (2.*+—T],), with a Q 
branch at 2670.33 cm™ and a frequency of 2669.15 
cm; vo v4! v5'— vg', (Zu, Dut —TI,) with a Q branch 
at 2683.09 cm™! and a frequency of 2681.81 cm; and 
vot+yvs', (II,—2,*), with a Q branch at 2702.46 cm™ 
and a frequency of 2703.63 cm~. The Q branch of the 
band vo+ v4'+ v5!— v4', (A.—TI,), with 7=2 in the upper 
state, is expected at a frequency 4B less than 2683.09 
cm~. A strong absorption at this position is not seen 
in the records. The Q branch of the band v2+2v5;°—»;', 
>,*—II,,), is thought to be at 2691.7 cm“, line No. 48, 
and thus the frequency would be 2690.5 cm. This is 
conjecture, however, since the Q branch does not tower 
over the other lines of the spectrum. Such a position for 
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Fic. 4. The v,'4+-»,!-band of acetylene as measured with the 3600 lines per inch grating. The values of 


the line frequencies are given in Table ITI. 
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TABLE IV. The 2»,°+-»;!-band frequencies, see Fig. 5. 
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TABLE V. The dud band Spennaten, see o Fy. 6. 





























Line Line Line Line 
No. 249+ vs! cm~! No. 2v4°9+vs! cm”! __No. 3v5) cm-! No. 3 ys! cm~! 
1 P(19) 1896.4 31 R(7) 1959.6 1 P (23) 2115.8 26 2174.8 
2 Pd) 1901.1 32 1960.66 2 P (21) 2121.1 27 2175.7 
3 1902.7 33 R(9) 1964.2 3 P (20) 2123.4 28 R (2) 2176.5 
4 P (16) 1903.4 34 R (1) 1964.9 4 P (19) 2125.6 29 R (3) 2179.0 
§ Ps) 1906.2 35 R(10) 1966.7 5 P (18) 2128.1 30 2180.1 
6 1907.4 36 R (2) 1967.2 6 P (17) 2130.3 31 R (4) 2181.4 
7 P (14) 1908.2 37 R(11) 1969.0 7 P (16) 2132.5 32 R (5) 2183.9 
8 P (13) 1910.1 38 R (3) 1969.7 8 P (15) 2134.8 33 R (6) 2186.4 
9 P (12) 1912.5 39 R(12) 1971.5 9 P (14) 2137.1 34 R (7) 2188.8 
10 P (11) 1914.8 40 R(13) 1973.8 10 P (13) 2139.4 35 R (8) 2191.2 
11 1916.1 41 R (5) 1974.6 11 P (12) 2141.7 36 R (9) 2193.6 
12 P (10) 1917.4 42 R(14) 1976.2 12 P (11) 2144.0 37 R (10) 2195.9 
13 1918.8 43 R (6) 1977.0 13 P (10) 2146.3 38 R (11) 2198.3 
14 P(9) 1919.6 44 R (15) 1978.7 14 2147.0 39 R (12) 2200.8 
15 1920.7 45 R (7) 1979.5 15 P (9) 2148.5 40 R (13) 2203.0 
16 P(8) 1921.8 46 R (16) 1980.8 16 P (8) 2150.9 41 R (14) 2205.4 
7 PP ti) 1924.1 47 R (8) 1981.7 17 2152.0 42 R (15) 2207.9 
i8 P (6) 1926.3 48 R(17) 1983.2 18 P (7) 2153.2 43 R (16) 2210.2 
19 P (5) 1928.9 49 R (9) 1984.5 19 P (6) 2155.6 44 R (17) 2212.6 
20 P (13) ,1930.4 50 R(10) 1986.6 20 P (5) 2158.0 45 R (18) 2214.8 
21 P(A) 1931.3 51 R(19) 1988.0 21 P (4) 2160.3 46 R (19) 2217.4 
2 Pi) 1933.4 52 R(11) 1989.4 22 2161.5 47 R (20) 2219.8 
23 P(11) 1935.0 53 R(21) 1993.6 23 P (3) 2162.6 48 R (21) 2222.1 
24 O 1941.17 54 R(13) 1994.3 24 Q 2170.19 49 R (22) 2224.7 
25 R(A) 1945.8 55 R (14) 1996.0 25 R (1) 2173.9 50 R (23) 2226.8 
26 R (3) 1950.1 56 R (23) 1997.4 f 
27 1952.2 57 R(1i5) 1999.5 OO a © 2 
28 R(5) 1954.9 ' 
20 ~R(6) 1957.2 couple the base line of the cooled records has been 
30 1957.4 somewhat distorted. 





vo+2v5°— v5! would be in good agreement with the 
anharmonic constants, however. Confidence in the 
choice of the Vs=1 and V;=1 as the lower levels for 
the bands in this region is gained by noting that »1—»;! 
is apparently reduced in intensity relatively more by 
cooling than either vs—v,4! or v2+v4'+v5!—v4'. This 
is expected since V;=1 is a higher energy level than 
V,=1. In compensating for the drift of the thermo- 
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vi + v;'— v,'-Band 


A beautiful example of a II,—II,-band is found at 
3480.51 cm“. This band lies in a region where it may be 
seen without interference by other bands. The appear- 
ance of this band is shown in Fig. 9, and the line fre- 
quencies are given in Table VIII. The outstanding 
features of this band are the weak Q branch, the missing 
P (1) and R (1) lines, and the lack of intensity alterna- 


ATM. PRESSURE 0.42 Cm” SLIT 


~ 
" 


a5 

950 

1975 
—— 2000 cm” 





—— 
40 


| 
| ; 
IN MY IEA 


| 
| 
| 


—s 


| V | | la | | 
\ f HV \ J | 


ANI \_ . 


Fic. 5. The 2v,*°+»5!-band region of acetylene as measured with the 7500 lines per inch grating. 


The values of the line frequencies are given in Table IV. 
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TABLE VI. The 3,!+-»;!-band frequencies, see Fig. 7. 
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Line Line 

No. 3yql +y5! em-1 No. 3 yg) +5! cm7 
1 P (17) 2520.1 12 2563.5 
F P (15) 2524.0 13 R (3) 2565.9 
3 P (13) 2528.1 14 2568.2 
4 P (11) 2532.0 15 R (5) 2571.0 
5 P (9) 2536.2 16 2573.6 
6 P (7) 2540.5 17 R (7) 2576.0 
7 P (5) 2544.8 18 2578.9 
8 P (3) 2549.4 19 R (9) 2580.9 
9 P (1) 2554.0 20 2584.5 

10 R (0) 2558.9 21 R (11) 2586.0 

ai R (1) 2562.0 22 2590.0 








tion. The lack of the P (1) and R (1) lines follows from 
the fact that there is no J=0 level in either the upper 
or lower state. The lack of the three-to-one intensity 
alternation is a result of the fact that each P branch 
line and each R branch line is the superposition of a 
weak line and a strong line (split by /-type doubling 
which is too small to be resolved). This band must be 
assigned to v;+y5!— v4). 


yv3+ v!-, Vo +2,” O4 v;'-Bands 


Two absorption regions are shown in Fig. 10. The 


separation of the lines of the bands v2+2v4*°+y,;', 


(211,.—2Z,*), and v3+4!, (II.—2,*), is indicated by the 
predicted bands shown in Fig. 10 and in Table IX. The 
predicted bands were drawn with the intensity of the 
vst+v4'-band equal to three-fourths the intensity of 
the vo+2v, °+ v;!-band. The fact that v3+ v4! is weaker 
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Fic. 7. The 3v4!+;!-band of acetylene as measured with the 
7500 lines per inch grating. The values of the line frequencies are 
given in Table VI. 
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410 
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than v2+2v,? °+y;! is as disturbing as the fact that the 
vs-band is weaker than the vo+v,!+ ;!-band. The 
center of the v3+y,!-band is at 3882.81 cm— and the 
center of the ve+2py,2°+y;!-band is at 3898.81 cm 
so that the frequencies are 3883.97 and 3899.97 cm“, 
respectively. Another possible assignment would, of 
course, be that these two bands could be the two com- 
ponents ve+2y4°+y;5! and v2+2v¢+y;!. The value of 
X44 resulting from this reassignment would be in good 
agreement with some other data. We prefer, however, 
to leave the assignment unchanged and have a band to 
attribute to v3+!. The value of B’—B” is —0.0067 
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Fis. 6. The 3v5!-band of acetylene as measured with the 7500 lines per inch grating. 


The values of the line frequencies are given in Table V. 
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cm for the v3+y,!-band and —0.0074 cm= for the 
vot 2v4 ee vs'-band. 


V1 at v4! -e v5! = v4!=, Vv) 4 v;'-Bands 


The high frequency absorption region shown in Fig. 
10 is identified as the combination of the bands »;+ v4! 
+y§—vl, (Zu, Dut, Au—II,), with Q branch near 
4080 cm=! and »,+»;!, (II.—2Z,*), with a Q branch at 
4092.75 cm. The rotation lines associated with the 
y+vs5-band are easily identified after reducing the 
intensity of the vi+,4'+;!—v,!-band by cooling the 
gas. This is shown.in Fig. 10 also. The frequencies are 
given in Table X. The vibrational frequency of »;+ 5 
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is 4093.92 cm and the value of B’—B” is —0.0078 
cm, 

The 2,+—I],-component of v:+'+75'—v,4 (with 
1=0 in the upper state) was thought to give rise to a 
Q branch at 4080.86 cm™ and have a frequency 4079.7 
cm~!, line No. 126. The A.—II,-components (with /=2 
in the upper state) would have a Q branch at 4076.3 
cm7', line No. 124, and thus the same vibrational fre- 
quency of 4079.7 cm. At the Symposium on Molecular 
Structure and Spectroscopy at Ohio State University, 
Columbus, Ohio (June 13, 1950), R. M. Talley and 
A. H. Nielsen reported on recently measured C2H: 
absorption bands in the 4000- to 7000-cm~ region. 
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Fic. 8. The »1—v5!-, vs—v4!-, vo+vg+vs!—v-, and v2+v;!-bands of acetylene as measured with the 7500 


lines per inch grating. The values of the line frequencies are given in Table VII. 
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TABLE VII. The v2+-»;!-band frequencies, see Fig. 8. 
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TABLE VIII. The »:+»;!—v-band frequencies, see Fig. 9. 








Line Line 


Line Line 





No. votysl cm! No. votvesl cm! No. vis! — vt cm-! No. wits! —vat cm~! 

1 2589.8 39 2673.8 1 P (21) 3428.4 21 3480.58 

2 2591.9 40 P (il) 2676.2 2 P (20) 3430.9 22 R (1) 3485.2 

3 2594.7 41 2678.3 3 P (19) 3433.8 23 R (2) 3487.3 

4 2597.5 42 2680.6 4 P (18) 3436.2 24 R (3) 3489.7 

5 2600.0 43 P(9) 2681.4 5 P (17) 3438.7 25 R (4) 3492.1 

6 2602.7 44 Q 2683.09 6 P (16) 3441.1 26 R (5) 3494.4 

7 2605.3 45 P(7) 2686.6 7 P (15) 3443.9 27 R (6) 3496.5 

8 2607.6 46 2689.6 8 P (14) 3446.1 28 R (7) 3498.8 

9 2610.2 47 P(5) 2690.9 9 P (13) 3448.8 29 R (8) 3501.1 
10 2612.7 48 2691.7 10 P (12) 3451.3 30 R (9) 3503.3 
11 2615.3 49 2693.8 11 P (11) 3453.9 31 R (10) 3505.5 
12 2617.8 50 2699.0 12 P (10) 3456.3 32 ‘R (11) 3507.6 
13 2620.4 51 Q 2702.46 13 P (9) 3458.9 38 R (12) 3509.8 
14 2622.9 52 R(0) 2704.9 14 P (8) 3461.3 34 R (13) 3512.0 
15 2625.5 53 R(1) 2707.3 15 P (7) 3463.7 35 R (14) 3514.2 
16 2628.1 54 R(2) 2709.6 16 P (6) 3466.2 36 R (15) 3516.3 
17 2630.4 55 R(3) 2711.8 17 rts 3468.7 37 R (16) 3518.5 
18 2632.9 56 R(4) 2714.2 18 P (4) 3471.2 38 R (17) 3520.6 
19 2635.2 33 «6 &) 2716.4 19 P (3) 3473.6 39 R (18) 3522.7 
20 2638.3 58 R t9) phe 20 P (@) 3475.7 40 R (19) 3524.9 
21 2640.2 #2) 2720. 
22 Q 2643.69 60 R(8) 2723.0 
23 2648.0 61 RQ) 2725.3 _ ; b ‘ —— 
14 2649.9 62 R(10) 27275 original assignments have been denoted with question 
25 2651.3 63 R(il) 2729.7 marks in Tables XI and XII and the new assignment is 
27 3510 68 «RUS ~—«73h1~—=~=« Marked by parentheses. | 
28 P(19) 2655.7 66 R(14) 2736.3 The extra intensity of line No. 148 at 4140.35 cm™is 
. os a : ae a. attributed to Q branch of »2+3y,!. The frequency of | 
31. P (17) 2660.3 69 R(17) 2742.8 vet Sys! is, then, 4141.5 cm™. . 
32 2662.5 70 R(18) 2744.9 A summary of the bands observed is presented in 
= ore i : tO) anne Table XI. The value of /, for states in which Vs=? 
35 P (15) 2665.9 73 R(21) 2751.2 has been labeled as zero for lack of evidence contrari- 
36 2667.2 74 R(22) 2753.1 wise. The centers of bands for which B’— B” are given 
rl Q ae . - 35) rp where obtained from a combination principle. Very 

77 R(27) 2762.9 weak bands of questionable intensity and assignment 








In this work was a parallel band at 4673.2 cm™ at- 
tributed to v:+,4!+-»;!. The Q branches at 4076.3 and 
4080.86 cm=! cannot, therefore, be »:+74!+-y,!— 4". 
The Q branch at 4061.0 cm™, line No. 119 in Fig. 10, 
must be one of the difference band Q branches. The 
other Q branch would be expected at 4056.4 cm“, be- 
tween lines No. 117 and No. 118, and is not seen in the 
records. In order to accommodate these new data the 
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Fic. 9. The »1+»s!—»-band (II,—Il,) of acetylene as meas- 
ured with the 7500 lines per inch grating. The values of the line 
frequencies are given in Table VIII. 
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DERIVED RESULTS 


The inactive infra-red fundamentals are fairly well 
determined by several difference bands. v4! may be found 
as follows: (the parentheses about a frequency com- 
bination is used to denote an observed frequency or a 
derived fundamental) : 


(v4!) = (v3) — (vs— vg) = 613.35 cm 
(vg) = (v1 95!) — (v1 5!— v4!) = 613.41 cm 

(v4!) = (vot vg 5!) — (vot vg + v5!— v4!) = 613.75 cm 
(v4t) = (v5! 204°) — (vs! 2049— v4!) = 613.24 cm" 

(v4!) = (vq! v5!) — (vg!+- v5! — vg!) = 612.69 cme. 


The value 613.3 cm— has been chosen as the value 
vq', but the evidence is that v,' is slightly higher than 
this. The two other infra-red inactive frequencies are 
determined as follows: 


(v2) = (v2— vsi)+ (v5!) = 1974.0 cm 
and 
(v1) = (v1— v5!) + (v5!) = 3373.2 cma. 


The fundamental Raman frequencies are in good] 
agreement with the frequencies given by other ob- 
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TABLE IX. The v3+v¢- and v2+2%°+-»;!-band frequencies, 


SPECTRUM OF ACETYLENE 











see Fig. 10. 
Line Line 
No. vata! vo+2ve9+v5! cm=! No. v3+val vo+2y49+y5! =cm- 
1 P (35) 3792.2 29 Q 3882.55 
2 P (33) 3797.9 30 P(5) R (1) 3886.8 
3 P (31) 3803.6 31 R (2) 3889.8 
4 P (29) 3809.1 32 P(3) R (3) 3891.9 
5 P(2i) 38148 33 P(2) R (4) 3894.1 
6 P (26) 3817.7 34 3898.85 
7 P (25) 3820.1 35 R(0) R (7) 3901.1 
P (24) 3822.6 36 R(1) R (8) 3903.4 
9 P (23) 3825.6 37 ~R(2) R (9) 3905.7 
10 P (22) 38273 38 R(3) R(10) 3908.1 
11 P(21) 3830.9 39 R(4) R(11) 3910.2 
12 P (20) 3833.2 40 R(5) R(12) 3912.8 
13 P(19) 3836.1 41 R(6) R(13) 3914.7 
14 P (18) 3638.7 42 R(7) 3917.0 
15 P(17) 3841.3 43 R(15) 3918.7 
16 P (16) 3843.4 44 R(9) 3921.7 
17 P(15) 38463 45 R(17) 3922.8 
18 P(20) P(14) 3848.2 46 R(11) 3925.9 
19 P(19) P(13) 3851.2 47 R(19) 3927.0 
20 P(18) P(12) 3853.4 48 R(13) 3930.5 
21 P(17) P(11) 3856.2 49 R(15) 3934.1 
22 P(16) P(10) 3858.5 50 R(16) 3936.6 
23 P(15) P(9) 3861.2 51 R(17) 3938.8 
24 P(13) P(7) 3866.7 52 R(19) 3942.9 
25 3868.4 53 R(20) 3944.9 
me Ft) #) 3871.6 54 R(21) 3946.8 
27 P (3) 3315.5 35 RGS) 3950.9 
28 P (9) P (2) 3877.8 56 R(25) 3954.8 








Numerous anharmonic coefficients may be deter- 
mined from these data. Table XII gives the relations 
used to obtain the values of some of the coefficients. 
Because of the inaccuracies of the measurements these 
anharmonic coefficients may have a large percentage 
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TABLE X. The »;+-»s!-band frequencies, see Fig. 10. 
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Line Line 

No. vitvsl cm7! No. vitvsl cm! 
100 P (33) 4007.9 127 P (3) 4085.8 
101 P (31) 4013.4 128 4092.56 
102 P (30) 4015.9 129 R (1) 4097.4 
103 P (29) 4018.5 130 R (2) 4099.9 
104 P (28) 4021.2 131 R (3) 4102.0 
105 P (27) 4023.9 132 R (4) 4104.1 
106 P (26) 4027.0 133 R (5) 4106.6 
107 P (25) 4029.7 134 R (6) 4108.8 
108 P (24) 4032.2 135 R (7) 4110.9 
109 P (23) 4034.7 136 R (8) 4113.1 
110 P (22) 4037.6 137 R (9) 4115.3 


111 P (21) 4040.3 138 R (10) 4117.5 
112 P (20) 4042.7 139 R (11) 4119.8 
113 P (19) 4045.5 140 R (12) 4121.9 
114 P (18) 4048.1 141 R (13) 4124.1 
115 P (17) 4050.8 142 R (14) 4126.0 
116 P (16) 4053.4 143 R (15) 4128.0 
117 P (15) 4055.9 144 R (16) 4130.2 
118 P (14) 4058.5 145 R (17) 4132.4 
119 P (13) 4061.0 146 R (18) 4134.4 
120 P (12) 4063.3 147 R (19) 4136.5 
121 P (11) 4066.2 148 R (21) 4140.35 
122 P (10) 4068.7 149 R (23) 4144.5 


123 P (9) 4071.0 150 R (25) 4148.1 
124 P (7) 4076.3 151 R (27) 4152.1 
125 P (6) 4078.2 152 R (29) 4156.2 
126 P (5) 4080.9 153 R.(31) 4159.9 








error. The most serious difficulty which arises from a 
consideration of the anharmonic constants revolves 
about the assignment of the 2y,* °+-y5'-band. The upper 
vibration level consists of two II,-components and a 
®,-component. Both of the II,-components will be 
infra-red active in transitions from the ground state 
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Fic. 10. The v3+y4-, vy +-2y429+-y5!-, vi +-v4'-+y;!—y,!-, and v'+-,!-bands of acetylene as measured with the 


7500 lines per inch grating. The values of the line frequencies are given in Tables IX and X, 
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TABLE XI. Band assignments and frequencies. 
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TABLE XII. Evaluation of anharmonic coefficients. 











Band Band 
center frequency B’ —B” cm“ Fig- 
Band em~! em7 or remarks ure 
Fundamental bands 
v4 —_— 613.3 Derived 
v5) 729.56 730.74 1 
v2 —- 1974.0 Derived 
V3 3285.5 3282.5 —0.0043 2 
vy —- 3373.2 Derived 
Combination bands 
vg vst — vy 712.06(?) 715.49 A,—II,;w 1 
vb ot — ve 716.67. 715.49 %,-,2,*—I, 1 
25° — v5) 720.27 719.09 Ww 1 
vi— v5! 1244.5 1243.3 3 
va vs! 1328.18 1327.18 -+0.003 4 
2149+ v5! — v4) 1328.46 1328.46 4 
2149+ v5! 1940.52 1941.70 +0.0032 5 
2v2+ v51(?) 1960.66 1961.84 3 
3 v5} 2169.67 2170.84 -+0.0020 6 
4y,°— v;! 2152.0 2150.8 6 
4y;2 — v5} 2161.5 2165.0 6 
34+ v5! 2556.5 2556.5 7 
vi— vs 2643.69 2642.51 8 
v3— v4) 2670.33 2669.15 8 
vot vg+ys! — vt 2683.09 2681.81 8 
vo+2py5° — v5! 2691.7 2690.5 Ww 8 
votys! 2702.46 2703.63 —0.0079(?) 8 
v3tvg— vy) 3270.9 3270.9 Ww 2 
vot2vy°+y;!—v 3286.6 3286.6 Ww 2 
vot vt ys! 3295.56 3295.56 —0.0050 2 
vit vs! — v4} 3480.51 3480.51 —0.0068 0) 
vstve 3882.81 3883.97 —0.0067 10 
vot 2v4°+ v5! 3898.81 3899.97 —0.0074 10 
vitvd+vs'—ve(?) 4076.3 4079.7 A,—Tl,; w 10 
vitvd+tvs!—v(?) 4080.86 4079.7 %.7,2.*—I,;w 10 
vitys! 4092.75 4093.92 —0.0078 10 
vot3ys) 4140.35 4141.53 w 10 
(vi tvs +ys!—ve) (4061.0) (4059.9) (Zu, Zut—l,; w) 10 








and the II,-components will differ by 2X4, cm™ in 
vibrational energy. One would expect, therefore, that 
the two strong Q branches seen in Fig. 5 might be the 
2v4°+ 51, (Iu. —2,*), at 1940.52 cm™, and 2y,?+,!, 
(11. —2,*+), at 1960.66-cm~, bands with a separation 
4X 44=+20.14 cm. The evaluation of 4X44 from other 
bands gives a value of — 15 cm™. An interchange of the 
assignments of these two bands would give 4X 44= — 20.14 
cm~!, This interchange would also demand that the 
1328.46-cm— Q branch should belong to 274?-+-v;!— v4! 
because the 1941.70-cm™ frequency must arise from a 
transition from the ground state to the upper level of the 
1328.46-cm—! band. (v4! is well established by other 
difference bands as 613.3 cm™, and the 1328.46-cm™ 
band is quite evidently a difference band with V4=1 
in the initial state.) The result of this interchange 
would be an evaluation of 4X44 from bands other than 
2vq> +5! of +7.5 cm. Even a 4B change in the as- 
signed value of the center of 3»,!+v;!, see Fig. 7, which 





cem~! 

1: (val +5!) —(va) —(v8!) = x45 = —15.86 

2: (2 +5! —v4!) —(v4l +5!) =x45-4+2%45 —2X 44 = +0.28 

3: (3v4l+v5!) —3 (va!) —(v5!) =3x45 +62%44 —2X 44 = —14.13 

4: (2v49+v5!) —2( val) —(v5!) =2x45+2x44—2X 44 = —15.63 

5: (xiv +s! —vg!) —(r1 +5!) =x14 +245 = —14,22?( —34.02) 

6: (vatva +5! —v4!) —(ve+r5!) = x04 +245 = —21.82 

7: (vo-+vs!) —(v2) —(vs!) = x25 =—-—1.11 

8: (vit+vs!) —(11) —(vs!) = x15 = —10.02 

9: (vst+va!) —(v3) —(val) = x94 = —11.83 
10: (v2+3v5!) —(v2-+v5!) —2(vs!) =2x25+6x55—-2X55 = —23.98 


11: (4v59 —v5!) —(3 v5!) =6x55 —2X55 

12: (45? —vs!) —(4v59 — v5!) =4X55 = +14:2 

13: (v2+3v5!) —(v2) —(3 v5!) =3Xo5 

14: (3v5!) —3(vs!) =6x55 —2X55 

15: (v2+val +5!) —(v2) —(val +y5!) = x24 +225 = —6.62 
x14 = +1.642?(—18.16) x15 = —10.02 


xu = —5.96, —5.52 x5 =—1.1 


x34 = —11.83 x45 = —15.86 
x44 = +4.38 x55 = —2.17 
Xu = —3.74 X55 = +3.55 








is used in this computation, would not improve the 
situation. The fact that only one band of the type 
2v4> °-+-v;!— v4! appears in the 7.5u region, see Fig. 4, is 
also strange 

The interchange of the assignments of v3 and 
vo+v,4'!+y;! would necessitate the interchange in the 
assignments of vs— v4! and v2+y4!+-v5'!— v4! because of 
the known value of v»4!. The band v2+~ 5! seems well 
established, however, as the only temperature-insensi- 
tive band in the 2700-cm™ region. The resulting value 
of the anharmonic constant x24, through relation No. 6 
in Table XII, would be — 18.62 cm. This reasonably 
small value for the anharmonic constant x24, a likewise 
small value from x34 from relation No. 9 in Table XII, 
and a reasonably consistent value of x25 from relations 
Nos. 13 and 15 would not prevent an interchange of the 
assignments of v3 and vo+v4+5!. The fact that 7; is less 
intense than vo+ v4!+ »;!, that v3+ v4! is less intense than 
vot+2v,°+y;!, and that v3—v,' is less intense than 
vot v4!+yv;5!— v4! is not taken as sufficient evidence in 
itself to warrant an interchange of the assignments as 
previously given. 

The value of B’” as determined by the combination 
principles from the data in any of these bands will be 
poor because of the fact that all bands are more or less 
spoiled by the overlapping of other bands. The data 
from the cooled gas run, Fig. 4, curve C, were used to 
obtain a value B’ = 1.1769 cm~. This is in good agree- 
ment with previously obtained values. The values of 
B’— B"” which were obtained are given in Table XI. 
Needless to say, we cannot place much faith in these 
values. 

Mr. Bell would like to acknowledge the help received 
from the National Research Council which enabled 
him to carry on this research. 
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The third virial coefficient for non-polar gases has been calculated with great accuracy by means of 
punched-card techniques. The Lennard-Jones potential, with inverse twelfth-power repulsion and inverse 
sixth-power attraction, was used in the calculations. Excellent agreement between our computations and 
those of Kihara was obtained at very high temperatures; in the moderate temperature region our calcula- 
tions agree moderately well with those of Montroll and Mayer and those of de Boer and Michels. A com- 
parison with experimental data indicates fairly good agreement for the approximately spherical molecules 
argon, methane, and nitrogen. In other cases there are discrepancies suggesting deviations from the form of 
the interaction energy which we assumed. There is considerably difficulty in obtaining accurate third virial 
coefficients from the equation of state data. A method is suggested whereby the third virial coefficients for 
mixtures of gases may be estimated. The functions which are tabulated should be particularly useful for 
extrapolating the equation of state to very high temperatures, where no experimental data are available. 
The zero-pressure derivative of the Joule-Thomson coefficient with respect to pressure provides additional 
means for comparing our tabulated functions with experimental data, and the deviations are consistent 
with those discovered by comparison of the third virial coefficients themselves. 





A. CALCULATION OF THE THIRD VIRIAL COEFFICIENT 
FOR PURE GASES 


HE third virial coefficient, C(T), is the tempera- 
ture-dependent coefficient of the V~ term in the 
expansion of the compressibility : 


pV/RT=1+B(T)/V+C(T)/V?+->- (1) 


By statistical mechanics! or the kinetic theory of gases? 
it is possible to show how C(T) depends upon the inter- 
molecular potential energy, E(r). For our calculations 
we have used the Lennard-Jones potential: 


E(r)=4eL (r0/r)”— (r0/r)*] (2) 


in which ¢ is the maximum energy of attraction and 7 
is that value of the intermolecular separation, r, for 
which E(r)=0. These parameters may be obtained 
from experimental second virial or transport coefficient 
data (see reference 4). A substantial justification for 
the use of Eq. (2) is the excellent agreement which is 
obtained between experimental values of the transport 
coefficients and those calculated no the basis of the 
Lennard-Jones potential.*-* 

There have been in the past three evaluations of the 
third virial coefficient for the Lennard-Jones potential ; 
the results of these calculations, as well as our own, are 
pictured in Fig. 1. de Boer and Michels,’ using their 
expression for the third virial coefficient derived from 
the pair distribution function, performed a very careful 
graphical integration over that temperature range 





' J. E. Mayer and M. G. Mayer, Statistical Mechanics (John 
Wiley and Sons, Inc., New York, 1940). 

* J. de Boer and A. Michels, Physica 6, 97 (1939). 

* Hirschfelder, Bird, and Spotz, J. Chem. Phys. 16, 968 (1948). 

* Hirschfelder, Bird, and Spotz, Chem. Rev. 44, 205 (1949). 

°K. E. Grew, J. Chem. Phys. 18, 149L (1950). 

°E. R. S. Winter, Trans. Faraday Soc. 46, 81 (1950). 

’M. Kotani, Proc. Phys. Math. Soc. Japan, 24, 76 (1942). 

*T. Kihara and M. Kotani, Proc. Phys. Math. Soc. Japan 25, 
602 (1944). 
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where experimental data were available,—i.e., from 
t=1 to r=4 (7 is the reduced temperature obtained 
by dividing the temperature in °K by ¢/k). Montroll 
and Mayer® performed a numerical integration over 
approximately the same range, using a form of the 
integral which involves rapidly oscillating integrands 
and does not seem to us to be particularly adaptable 
for numerical integration. Although the integrals used 
by de Boer and Michels can be shown to be mathe- 
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C%e)2 Clr)/Be 
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Fic. 1. Comparison of calculated curves of the third virial 
coefficient. (1) Calculation of de Boer and Michels from pair dis- 
tribution function; (2) calculation of Montroll and Mayer from 
statistical mechanics; (3) calculation of Kihara using series ex- 
pansion technique; and (4) punched-card calculations described 
in this work. Curves (3) and (4) agree almost exactly above r= 10. 


* E. W. Montroll and J. E, Mayer, J. Chem, Phys. 9, 626 (1941), 
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TaBLE I. A tabulation of the third virial coefficient and its 
derivatives for the Lennard-Jones potential. 








t=kT/e bo =(2/3)aNro8 
C(T) =bo2?C (7) 
C(r) =r[dC/dr] Cr) =72[d2?C /dz?2] 

(Note: Values of C) which are marked with an asterisk * were calculated 
by punched-card methods; intermediate values were obtained by interpola- 
—_ cH — C®) were obtained by differentiation of the interpolating 

unctions. 





, C(r) CO(r) C®(r) 
0.70 —3.37664* 28.68 —220 
0.75 — 1.79197 18.05 —140 
0.80 —0.84953 11.60 —92.1 
0.85 —0.27657 7.561 —62.1 
0.90 +0.07650 4.953 —42.7 
0.95 0.29509 3.234 —29.8 
1.00 0.42966* 2.078 —21.0 
1.05 0.51080 1.292 —14.9 
1.10 0.55762 0.7507 — 10.6 
1.15 0.58223 0.3760 752 
1.20 0.59240* +0.1159 —5.29 
1.25 0.59326 —0.0646 —3.66 
1.30 0.58815 —0.1889 —2.46 
1.35 0.57933 —0.2731 —1.57 
1.40 0.56831* —0.3288 —0.910 
1.45 0.55611 —0.3641 —0.420 
1.50 0.54339 —0.3845 —0.050 
1.55 0.53059 —0.3943 +0.224 
1.60 0.51803* —0.3963 0.427 
1.65 0.50587 —0.3929 0.572 
1.70 0.49425 —0.3858 0.680 
1.75 0.48320 —0.3759 0.755 
1.80 0.47277 —0.3643 0.806 
1.85 0.46296 —0.3516 0.837 
1.90 0.45376 —0.3382 0.854 
1.95 0.44515 —0.3245 0.859 
2.00 0.43710* —0.3109 0.856 
2.10 0.42260 —0.2840 0.830 
2.20 0.40999 —0.2588 0.794 
2.30 0.39900 —0.2355 0.749 
2.40 0.38943 —0.2142 0.700 
2.50 0.38108* —0.1950 0.651 
2.60 0.37378 —0.1777 0.602 
2.70 0.36737 —0.1621 0.557 
2.80 0.36173 —0.1482 0.514 
2.90 0.35675 —0.1358 0.473 





matically equivalent,!*" their numerical results are 
somewhat different. A third calculation was performed 
by Kihara,” who employed a very clever series expan- 
sion technique, somewhat analogous to the method used 
by Lennard-Jones in his integration of the second virial 
coefficient ; this interesting approach was called to our 
attention as the present work was being concluded. 
Kihara shows how the third virial coefficient may be 
written in the form: 


C(T) =r D Ky, (3) 


7=0 
The K; are complicated double integrals which are 


10 R. B. Bird, Ph.D. thesis, University of Wisconsin (1950). 

1 R. B. Bird and E. L. Spotz, University of Wisconsin CM-599, 
Project NOrd 9938 (10 May 1950). 
41 T. Kihara, J. Phys. Soc. Japan, 3, 265 (1948). 
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TABLE I.—Continued. 








¢ C)(r) C)(r) C®(r) 
3.00 0.35234* —0.1247 0.439 
3.10 0.34842 —0.1148 0.400 
3.20 0.34491 —0.1060 0.369 
3.30 0.34177 —0.09826 0.340 
3.40 0.33894 —0.09133 0.313 
3.50 0.33638 —0.08510 0.288 
3.60 0.33407 —0.07963 0.266 
3.70 0.33196 — 0.07462 0.246 
3.80 0.33002 —0.07024 0.277 
3.90 0.32825 — 0.06634 0.210 
4.00 0.32662* — 0.06286 0.194 
4.10 0.32510 —0.05989 0.183 
4.20 0.32369 —0.05709 0.169 
4.30 0.32238 —0.05458 0.156 
4.40 0.32115 —0.05237 0.145 
4.50 0.32000 — 0.05040 0.134 
4.60 0.31891 — 0.04865 0.125 
4.70 0.31788 —0.04712 0.116 
4.80 0.31690 — 0.04579 0.108 
4.90 0.31596 —0.04461 0.100 
5.0 0.31508* — 0.04359 0.0934 
6.0 0.30771* — 0.03893 0.0449 
7.0 0.30166 ° —0.03989 0.0258 
8.0 0.29618* —0.04231 0.0192 
9.0 0.29103 — 0.04529 0.0183 
10.0 0.28610* —0.04825 0.0199 
20.0 0.24643* — 0.06437 0.0502 
30.0 0.21954 —0.06753 0.0654 
40.0 0.20012 —0.06714 0.0717 
50.0 0.18529* — 0.06566 0.0742 
60.0 0.17347 — 0.06388 0.0750 
70.0 0.16376 — 0.06203 0.0748 
80.0 0.15560 —0.06025 0.0741 
90.0 0.14860 —0.05857 0.0732 
100. 0.14251* —0.05700 0.0722 
200.0 0.10679 — 0.04599 0.0619 
300.0 0.08943 — 0.03970 0.0547 
400.0 0.07862* —0.03551 0.0496 








temperature-independent ; however, for j-values beyond 
about j=12, the integrals admit analytic evaluation. 
Between r=1 and 7r=4, Kihara’s results are not in 
agreement with the other calculations; this disagree- 
ment is probably due to the fact that the K; were not 
evaluated with a high degree of accuracy. In the high 
temperature region (from 7r=10 to r=100), Kihara’s 
equation gives values for C(T) which agree almost 
perfectly with our punched-card calculations. 

From statistical mechanics! it can be shown that the 
third virial coefficient, for gases composed of monotomic 
molecules with spherical potential fields, is given by 
the integral: 


C(T) =—(1/3V) f - f Irafafuitnduin, (6) 


in which f;;=[exp(—E(ri;)/kT)—1], the ri; represent 
the intermolecular distances in a cluster of three col- 
liding molecules, and the dw; are the cartesian coordi- 
nates of the ith molecule. In the derivation of this ex- 
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pression the force between any two molecules is as- 
sumed to be independent of the location of the third 
molecule in the cluster. For the purpose of punched- 
card calculations, it was found convenient to transform 
the integral in Eq. (6) into the form: 


C(T)/b? =C (r) = 18M (r)—6LL(r) } (S) 
in which 


bo =$xNr,'; tT=kT/e (6) 


M(r)= f f g(r, 21)g(r, #2) OL7, (1-+29) Meds (7) 


O(r, w) = f g(r, 2)ds | (8) 
L(r) =Q(r, 0) = f g(r, #)ds (9) 
g(r, 2) =sLexp(—E(@)/kT)—11]. (10) 


The integration variables, z;, are the intermolecular 
distances expressed in units of 79. The integration of 
L(r) can be accomplished analytically : 


L(x) =¥ (12 )0L(3j7—1)/6] 4/7)", (11) 


7=0 


The summation converges quite rapidly, particularly 
at high temperatures, and can be evaluated by punched- 
card methods in several steps. No integration of the 
M-integral in closed form was discovered; hence, 
standard numerical cubature techniques were employed, 
the integrand being evaluated essentially at 10,000 
points bn the 2;22-plane for 17 values of the reduced 
temperature. The occurrence only of the functions g 
and Q and their symmetrical appearance in the M-in- 
tegral made the form of the third virial coefficient given 
in Eq. (5) particularly well-suited for numerical integra- 
tion by punched-card methods; in this work, IBM’s 
602-A (Calculating Punch) and auxiliary equipment 
were used. Details of the calculations have been given 
elsewhere.1° 1! 

In Table I are presented our values of the third 
virial coefficient and its temperature derivatives for over 
seventy values of the reduced temperature, 7, from 
t=0.7 to r= 400. The functions tabulated are C, C®, 
and C®; C was defined in Eq. (5), and C® and C® 
are defined by: 


C7) =7LdiICO/dr*] j=1, 2. (12) 


The mechanical accuracy of the C‘*-functions is ap- 
proximately: C®, 1 part in 5000; C®, 1 part in 1000; 
and C®, 1 part in 500. The seventeen values of C 
which were calculated by punched-card methods are 
marked with asterisks in Table I. The intermediate 
values of C were obtained by interpolation. The 


tables of C” and C® were then prepared by differentiat- 
ing the interpolating functions. 


B. COMPARISON OF CALCULATED AND EXPERI- 
MENTAL THIRD VIRIAL COEFFICIENTS 


A comparison of the calculated third virial coeffi- 
cients with the experimental values of Michels and 
coworkers is given in Table II and summarized graphi- 
cally in Fig. 2. The “experimental values” of C(T) 
listed in Table II are obtained in the following manner: 
one fits the experimental values of pV/RT with a 
power series in (1/V) like that shown in Eq. (1), using, 
however, only a finite number of terms in the curve 
fit; the coefficient of the (1/V*)-term is then assumed 
to be the third virial coefficient. Different values of 
C(T) are of course obtained when polynomials of 
different degrees are used to represent the compressi- 
bility; the degrees of the polynomial curve fits for the 
various gases are indicated in Table II. 

Because of the sensitivity of the third virial coeffi- 
cient to the assumed form of the potential, discrepan- 
cies between calculated and experimental results were 
expected. Fairly satisfactory agreement was found for 
the approximately spherical molecules argon, methane, 
and nitrogen; the calculated values of C(T) for the 
cylindrical molecules carbon dioxide, ethylene, and 
ethane are in marked disagreement with the experi- 
mental values; also, for the light gases hydrogen, 
deuterium, and helium distinct discrepancies are ob- 
served. We shall now discuss more fully the gases 
studied, in decreasing order of goodness of agreement. 


(a) Argon, Methane, and Nitrogen 
(Fairly Good Agreement) 


For these gases reasonably satisfactory agreement be- 
tween calculated and experimental results can be re- 
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Fic. 2. Comparison of experimental third virial coefficients 
with values calculated from the Lennard-Jones potential. Re- 
duced third virial coefficients are plotted against reduced tem- 
peratures, the basis for the reduction being the force constants, 
ro and ¢/k, derived from experimental second virial coefficients. 
The solid curve represents the function C(r) tabulated in 
Table I. The experimental points are represented by the symbols 
as shown in the legend on the figure. Not shown are the experi- 
mental points for ethane (which are large and negative) and those 
for hydrogen, deuterium and helium (which are available only 
for very high values of the reduced temperature). 
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TABLE II. Comparison of calculated and experimental second and third virial coefficients. The force constants used were obtained from | 
experimental second virial coefficients. The number in parenthesis following B.xp and Cexp indicates the degree of the polynomial which — 
was used to fit the experimental data. The units of the various quantities concerned are: ro(A), ¢/k(°K), 60(cm*/mole), B(7)(cm*/mole), 

















and C(T)(cm*/mole?). (Fo 
Gas d 
(Force Consts.) T(°C) 0 25 50 75 100 125 150 
Argon* Bexp(2) —21.45 —15.75 —11.24 7.28 —4.00 —1.18 1.38 
Bexp(6) —21.12 — 15.48 —11.05 —7.14 —3.89 — 1.08 1.42 De 
ro= 3.405 Beate —21.49 —15.93 —11.16 —7.28 —3.98 —1.14 1.31 
bo= 49.804 
e/k=119.75 Cexp(2) 1270 1160 1130 1040 1000 970 880 i. 
exp 1050 990 1020 960 920 880 830 Jk 
Ceale 990 950 910 880 860 850 830 
Methane» Bexp(3) —54.1 —43.4 — 34.7 —27.9 —21.7 —16.1 —11.5 
Bexp(4) —53.9 —43.3 — 34.6 27.7 —21.6 ~16.4 —11.6 
ro= 3.817 cale —53.9 —43.4 —34.7 —27.5 —21.3 —16.1 —11.6 
bo= 70.16 H 
e/k= 148.2 Cexp(3) 3050 2620 2430 2410 2230 1750 1660 
Cexp(4) 2870 2620 2370 2340 2140 2000 1770 | 
cake 2290 2140 2030 1940 1870 1810 1770 b 
Nitrogen® 4 Bexp(3) —10.3 ~4.71 ~0.28 3.20 6.56 9.45 12.3 fk 
cale —10.1 —4.71 —0.27 3.42 6.56 9.25 11.6 E 
ro= 3.698 
bo= 63.78 Cexp(3) 1540 1320 1220 1260 1080 960 690 en 
e/k=95.05 cale 1460 1410 1380 1350 1330 1317 1300 bo: 
Carbon Bexp(3) —151.2 ~123.6 — 103.5 ~86.7 ~73.7 —62.2 —52.2 o/h 
dioxide® ‘ calc — 147.3 —123.4 — 104.1 — 87.5 —74.1 —62.2 —52.1 = 
* 
To= 4.486 Me 
bo= 113.9 Cexp(3) 5610 4930 4930 4430 4150 3620 3050 ti 
e/k=189 cale 7230 6790 6390 6020 5730 5470 5260 -j 
Ethylenet Bexp(3) —140.6 ~118.1 —99.9 ~85.1 —72.6 —62.1 a 
cale — 139.3 —118.1 — 100.3 — 85.4 —72.6 —61.7 of 
ro= 4.507 y 
bo= 115.5 Cexp(3) 7640 6740 6000 5470 4990 4670 h, 
e/k=199.2 cale 7260 6840 6450 6120 5830 5600 t 
Hydrogen** Bexp(2)t 13.7 13.8 14.2 14.8 14.7 14.9 15.1 = 
Bexp(2)t 13.8 14.1 14.6 14.9 15.2 15.4 15.6 
ro= 2.92 exp 13.5 13.6 13.9 14.1 14.5 14.3 14.5 con 
by = 31.409 Beatc** 13.6 14.2 14.7 15.1 15.3 15.4 15.5 Sin 
e/k=36.77 
fun 
fore 
ported. The experimental C(7) values for argon and (b) Carbon Dioxide, Ethylene, and Ethane coll 
methane are somewhat higher than the calculated ones, (Poor Agreement for Ellipsoidal Molecules) reas 
while those for nitrogen are somewhat lower. For all ; nse : ee sho 
three gases, the experimental points seem to exhibit Even in the second virial coefficient (which is rela- twe 
a somewhat steeper slope than the calculated curve. tively insensitive to the form of the potential), the |  cier 
This is also consistent with the disagreements between ¢/lipsoidal nature of molecules is evident, for the curva- } tery 
calculated and experimental Joule-Thomson coeffi- ture of the observed B(T) curve is somewhat different es 
cients, as will be discussed presently. This discrepancy from that of the 9r-meanee one (which is based on upV 
is probably due to the incorrectness of the assumed form spherical molecules). Corner'* has shown that the curva > gy. 
for the potential. If the experimental data were suffi- ture of the theoretical curve may be made more nearly> ing 
ciently accurate we could use the discrepancy as a_ like the experimental one by using the Lennard-Jones beh 
function of the temperature to determine the correct potential, but essentially taking into account the fact as 
shape of the potential. However, in the present case that the force constants must be functions of the orien- ‘a 
only qualitative conclusions can be formulated.* tations of the pairs of colliding molecules. Thus, force — 
constants obtained by fitting the experimental second -* 
“i : axes 
* Kihara, see reference 12, has suggested that perhaps the po- virial data with the values of B(T) obtained from the 1 
tential function should have a slightly steeper repulsive region and Lennard-Jones potential are really “average” force / 
that the “soup-bowl” part of the function (i.e., that portion of the disc 
curve representing negative potential energy of interaction) out 
should be a little wider. He arrived at this conclusion because the However, the square-well potential is so far from reality that 
experimental C(T) curves seem to resemble more the shape of the __ it is difficult to evaluate the strength of this argument. alow 
C(T) curve which one obtains for a square-well potential (ref- 18T, Kihara, Nippon Sugaku-Buturigakukaisi 17, 11 (1943) ee 
erence 13)—which has an infinitely steep repulsion and a very (In Japanese). ‘ 
wide “soup-bowl.” 4 J. Corner, Proc. Roy. Soc. A192, 275 (1948). No. 
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Gas 
(Force Consts.) 





T(°C)—> 0 25 50 75 100 125 150 
Cexp(2)t (420) (660) (690) (530) (710) (690) (760) 
Cexp(2 420 410 400 390 380 370 350 
exp (920) (1160) (1110) (1420) (960) (1500) (1410) 
Ceatc™* 300 290 290 290 280 280 280 
Deuterium*! Bexy(2)T 13.0 13.5 13.8 14.2 14.4 14.8 14.8 
Bexp(2)f 13.2 13.8 14.2 14.7 14.9 15.1 15.4 
ro= 2.92 Bexp(3) 13.0 13.2 12.9 13.2 13.6 13.9 14.2 
bo = 31.409 Bew** 13.0 13.7 14.2 14.6 14.9 15.0 15.2 
¢/k=36.77 
Coneht (710) (780) (800) (820) (830) (850) (870) 
Cexp(2)t 390 390 380 370 360 360 350 
Cexp(3) (2250) (950) (2140) (2340) (1900) (1820) (1730) 
Ceale™* 300 290 290 290 280 280 280 
Helium** Bexp(3) 11.9 11.7 11.6 11.4 11.3 11.2 11.1 
Beatc** 11.6 11.6 11.5 11.4 11.3 11.3 11.2 
1o= 2.56 
bo= 21.165 Cexp(3) 76 72 72 95 91 94 110 
e/k=10.16 Ceate™™ 102 99 97 94 93 90 89 
Ethane™ Bexp(2) —200 —135 —126 
cale —161 — 138 —118 
To= 3.954 
bo= 78 Cexp(2) — 37300 —72100 — 30900 
e/k=243 cale +3464 +3607 +3546 











* Force constants given by de Boer and Michels, Physica 5, 945 (1938); these constants were obtained by taking into account quantum effects. 
** Quantum effects were taken into account in the calculation of B but mot for the calculation of C. 


+ Quadratic fit good in range from 9-31 amagat density units. 


t Quadratic fit good in range from 9-132 amagat density units, probably the best fit for purposes of comparison with the calculated results. 


® Michels, Wijker, and Wijker, Physica 15, 627 (1949). 

b A. Michels and G. W. Nederbragt, Physica 2, 1000 (1935). 

¢ Michels, Wouters, and de Boer, Physica, 1, 587 (1934). 

4 Michels, Wouters, and de Boer, Physica 3, 585 (1936). 

A. Michels and C. Michels, Proc. Roy. Soc. A153, 201 (1936). 
. Michels and C. Michels, Proc. Roy. Soc. A160, 348 (1937). 
. Michels and M. Geldermans, Physica 9, 967 (1942). 
. Michels and M. Goudeket, Physica 8, 347 (1941). 

. Michels and M. Goudeket, Physica 8, 353 a 
. Michels and H. Wouters, Physica 8, 923 (194 

. Michels and G. W. Nederbragt, Physica 6, $56 (1939). 
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constants—averaged in the sense of two body collisions. 
Similarly fitting the experimental C(7) values with the 
functions in Table I would give a set of “average” 
force constants—averaged in the sense of three-body 
collisions (we shall call these ro, and ¢€./k). There is no 
reason why the two sets of average force constants 
should be the same. Figure 2 shows a comparison be- 
tween calculated and experimental third virial coeffi- 
cients based on the force constants, ¢/k and 70, de- 
termined from the experimental second virial coeffi- 
cients. A simple translation of the experimental points 
upward and to the left would bring them into sub- 
stantial agreement with the theoretical curve. This 
indicates that the ellipsoidal molecules at high pressures 
behave as though 7» were slightly smaller and ¢/k 
were slightly larger. Or, in other words, the third virial 
coefficient integral emphasizes three-molecule collisions 
in which the molecules are lined up with their long 
axes more or less parallel. 

This tendency towards alignment has previously been 
discussed by Hirschfelder ef al.,1° who have pointed 
out that such a phenomenon explains why 0p is anom- 
alously large for ellipsoidal molecules. For many non- 


16 Hirschfelder, McClure, Curtiss, and Osborne, NDRC Report 
No. A-116 (November 22, 1942). 


polar, spherical molecules, b)>=0.68V*"" (V, is the 
critical volume in the same units as bo). For ellipsoidal 
molecules, however, the bp values obtained from second 
virial coefficient data are considerably larger than 
0.68V.; this is explainable, since in the critical state the 
ellipsoidal molecules are packed together like cigars 
while in the dilute gas the molecules sweep out spherical 
cavities the diameters of which correspond to the 
length of the long axis of the molecule. 

Consequently in order to use Table I for making the 
second pressure correction to the equation of state for 
gases composed of ellipsoidal molecules, the set of force 
constants, ro-, and €,/k should be employed. The values 
of these force constants (along with the values of the 


TABLE III. Force constants from second and third virial 
coefficients for ellipsoidal molecules. 








Force con- 





Force con- 

stants from stants from 

second virial third virial 

coefficients coefficients 
Gas bo/Ve ro e/k roe ec/k 
Carbon dioxide 1.25 4.486 189 4.11 221 
Ethylene 0.92 4.507 199.2 4.30 211 








16 Buehler, Wentorf, Hirschfelder, and Curtiss, University of 
Wisconsin CM-565, Project NOrd 9938 (3 February 1950). 
. E. Lennard Jones and A. F. Devonshire, Proc. Roy. Soc. 
A168, 1 (1938). 
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TABLE IV. Tabulation of the function, A(r), for estimating 
third virial coefficients for gaseous mixtures. 








(Céik) 1.5. = (Ciik).w.A (717) A (rik) A (rik) 





r A(r) : A(z) 
1.00 0.71099 3.50 0.86275 
1.05 0.74603 3.60 0.86259 
1.10 0.76746 3.70 0.86233 
1.15 0.78196 3.80 0.86198 
1.20 0.79246 3.90 0.86157 
1.25 0.80047 4.00 0.86109 
1.30 0.80684 4.10 0.86055 
1.35 0.81206 4.20 0.85996 
1.40 0.81649 4.30 0.85931 
1.45 0.82032 4.40 0.85863 
1.50 0.82369 4.50 0.85792 
1.55 0.82671 4.60 0.85717 
1.60 0.82947 4.70 0.85640 
1.65 0.83199 4.80 0.85560 
1.70 0.83432 4.90 0.85478 
1.75 0.83648 5.00 0.85394 
1.80 0.83851 6.00 0.84502 
1.85 0.84041 7.00 0.83580 
1.90 0.84219 8.00 0.82692 
1.95 0.84388 9.00 0.81857 
2.00 0.84545 10.0 0.81075 
2.10 0.84834 20.00 0.75449 
2.20 0.85091 30.0 0.71957 
2.30 0.85315 40.0 0.69443 
2.40 0.85510 50.0 0.67488 
2.50 0.85678 60.0 0.65893 
2.60 0.85823 70.0 0.64549 
2.70 0.85944 80.0 0.63391 
2.80 0.86043 90.0 0.62374 
2.90 0.86123 100.0 0.61468 
3.00 0.86185 200.0 0.55663 
3.10 0.86231 300.0 0.52415 
3.20 0.86261 400.0 0.50186 
3.30 0.86278 
3.40 0.86283 








ratio bo/V.) for several ellipsoidal molecules are given 
in Table III. While these choices of force constants 
(ro. and e,/k) are by no means unique, these values 
would probably be more proper for extrapolation to 
high temperatures than those obtained from the second 
virial coefficient. 

It is interesting to note the negative values of the 
third virial coefficient of ethane as given in Table II. 
No other experimental data is known to the authors 
which substantiate the negative region of the theo- 
retical C(T) curve. The values for ethane correspond 
to third virial force constants which differ from the 
second virial ones in the same manner as in the case of 
CO, and other cigar-shaped molecules. Unfortunately 
there are not enotigh experimental data to determine 
roc and €,/k for ethane. 


(c) Hydrogen, Deuterium, and Helium 
(Poor Agreement) 


For these molecules it is known from the direct 
quantum-mechanical calculation of the interaction 
potential, that the energy of repulsion does not increase 
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as rapidly with decreasing separation as would be 
indicated by our inverse twelfth power.'*-*° Further- 
more, the quantum correction to the third virial coeff- 
cients may not be negligible for the temperature range 


under consideration. On these accounts the poor agree- | 


ment with out calculations is not surprising. 


In the case of hydrogen and deuterium there was | 


considerable difficulty in obtaining the third virial 
coefficients from the raw experimental data. Different 
methods of fitting the experimental values led to 
values of C(T) differing by several hundred percent. 
On this account the difference between the third virial 
coefficients of H, and D» cannot be used to determine 
the quantum corrections quantitatively ; however, the 


third virial coefficient values for D2. would seem to be 


roughly 10 percent smaller than for H: at 0°C and 
about equal to 150°C. 

It is difficult to interpret the comparison for helium 
given in Table II. The experimental third virial coeff- 
cients have a distinct upward trend, while the calcu- 
lated C(T) values are monotone decreasing; the two 
sets of values are of very nearly the same order of 
magnitude. The unusually high values of the experi- 
mental third virial coefficients in the third-degree 
polynomial fit for the four highest temperatures may 
be related to the fact that the corresponding experi- 
mental fourth virial coefficients (as given by the series 
fit) are given as negative. According to Mayer! and 
Harrison”! the fourth virial coefficient must be positive 
in this temperature region; the curve-fitting which 
produces a negative fourth virial coefficient would tend 
to distort the third virial coefficient values. Similar 
behavior has been noted in connection with the curve- 
fitting of the data for other gases. 


C. THE THIRD VIRIAL COEFFICIENT FOR 
MIXTURES OF GASES 


For a mixture of f components, the third virial coeffi- 
cient is given by :* 


ae ae 
C(T) mixture™ 2, ya > C wee 1) XuXe%re (13) 
u=1 v=1 w=1 
in which x, is the mol fraction of the uth component. 
The functions Cy»w(T) are third virial coefficients calcu- 
lated on the basis of clusters of three colliding molecules, 
1, 2, 3, of chemical species u, v, w respectively. The 
separation between molecules 1 and 2 is rj. and the 
potential energy of interaction between them is E“*(r12), 
the superscript ‘‘uv’’ indicating that the potential 
energy depends upon the chemical species of the mole- 
cules 1 and 2. Then if we define f12”” by the relation: 


fis” = {expl— E“*(ri2)/kT ]—1} (14) 


18 J. C. Slater, Phys. Rev. 32, 349 (1928). 
19 G. Gentile, Zeits. f. Physik 63, 795 (1930). 
2” J. de Boer, Physica 9, 363 (1942). 
15. C. F. Harrison, doctoral dissertation, Johns Hopkins 
University (1938). 
22 J. E. Mayer, J. Phys. Chem. 43, 71 (1939). 
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we can write, analogously to Eq. (4): 
Pa sa iba (1/3 vif 7 f fio” fos” fo1°"dwidwodw3. (15) 


The functions Cy». are the same for any permutations 
of the indices and Cy1.(7) is the third virial coefficient 
for the pure uth component. 

Kihara!® has shown that the functions Cy,» may be 
evaluated in closed analytical form for a three-constant 
“square-well’’ potential of the form: 


E“(rj2)= © for frie<ro”” 
E“(ry2) =—d” for ro’ <7ry2< R79” (16) 
E“(rj2) =(0 for R” ro” <7r12 


in which the superscripts indicate force constants, d, 
ro, and R, characteristic of the interaction between 
molecules of the wth and vth species. Using this poten- 
tial energy function, C.,.. can be expressed by: 


3Cwew=1(0)— [I (1.1) Awe +1 (1.2) Aww +1 (1.3) dow] 
+[1(2.1) AuvAuw+ (2.2) AwAvw+1(2.3)AuwAow | 
7 [T(3) AwAuodow | (1 7) 


in which 
Aw = (exp(d""/kT)—1) (18) 
and 
T(0) =W(ro"", J”, ror”) 
T(1.1) =W (Rr, ro%”, ro’) —I(0) 
(1.2) = W (ro" . Rf", ror”) aie» T(0) 
1(1.3) =W (re, ro”, Rr) —1(0) 
(2.1) — W (R"’ ro", Rye", ro”) 


—[1(0) +1(1.1) +7(1.2)] 
1(2.2) =W(R"ry*, rot”, R° ry) 

—(7(0) +7 (1.1) +7(1.3)] 
(2.3) =W(row", Re°ro”, Re ry") 

—[1(0) +1(1.2)+1(1.3)] 
1(3) =W(Rer, Reorwe, Rewyre) 


(10) +E 101, +E 12,4]. 09) 


The function, W(a, 6, c), which occurs in the formulas 
for the I’s, is: 


W (a, b, c) = (x?/18) a®+ b®+ c®+ 180°b?c? . 
+ 16(b%c*+ c3a*+ a%b') 
—9{a4(b2+2)+54(2+<a?) 
+c4(a?+b*)} 
when 
agb+c (20) 
W (a, b, c)=(162?/9)b'c® ~when a2db+c. 
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It would be very difficult to calculate exactly the 
Cuvw for the Lennard-Jones potential; however, they 
may be estimated, if we make use of the above results 
for the square-well potential. It is first necessary to 
modify the square-well potential so that it will contain 
only the two arbitrary parameters, ro“” and e“’, which 
appear in the Lennard-Jones potential. This may be 
accomplished by letting R“’=1.8 and d“"=0.56e""; for 
this particular choice of constants, the second virial 
coefficients calculated on the basis of this two-constant 
square-well potential agrees over a remarkably wide 
temperature range with that calculated on the basis of 
the Lennard-Jones potential. 1% 1 1% 

Let us now define a function, A(r), such that its cube 
is the ratio of C(T) for a pure gas (the wth component) 
calculated for the Lennard-Jones potential to C(T) 
calculated for the two-constant square-well potential : 


(Cuuu(7T))1.3.= (Cuuu(T))s.w.(A (tu))* (21) 


in which 7, is the reduced temperature for the uth 
component. As a result of the above discussion, it 
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Fic. 3. Comparison of zero-pressure derivatives of the experi- 
mental Joule-Thomson versus pressure curves with calculated 
results. The solid lines represent the values of uo (du/dp)o calcu- 
lated from Eq. (23); the dots represent the corresponding experi- 
mental quantities. 


¢ The second virial coefficient for a square-well potential is, 
(see reference 18), 
B(T) =). 1—(R®'—1)A] 


where bo is expressed in terms of the square-well ro. 


%3 Hirschfelder, Ewell, and Roebuck, J. Chem. Phys. 6, 205 
(1938). 
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1402 BIRD, SPOTZ, 
would seem fairly reasonable to write then for the 
“non-diagonal” terms, (Cusw(T))1.3.: 


ends) A (Cuvw(T))s. w.(A (Tuv) A (Tuw)A (Tow)) (22) 


where the 7,» are reduced temperatures referred to the 
force constants e“’/k, between pairs of dissimilar mole- 
cules; the A-function is slowly-varying in 7 and is given 
in Table IV. The validity of the assumption of Eq. (22) 
cannot be justified until there are available good experi- 
mental data for the equation of state of mixtures of 
gases which contain reasonably spherical molecules. f+ 
Meanwhile, Eq. (22) should provide a possible method 
for estimating the high temperature compressibilities 
for gaseous mixtures. 


D. JOULE-THOMSON COEFFICIENTS 


Joule-Thomson coefficients (u) have been accurately 
measured as functions of pressure and temperature 
by Roebuck and his co-workers.”*-*° The zero pressure 
slope of the uw vs. pressure curve (i.e., (du/dp)o) is 
_ related to the first temperature derivative of the third 
virial coefficient in the following manner: 


uo-'(du/dp)o= (bo/RT)(B® — B+ 
CY—2C+42(B)2 (23) 
— 2B BY + poBR/bo 


in which po is the zero-pressure Joule-Thomson coeff- 
cient and the functions B‘?(r) are the dimensionless 


t The only data on gaseous mixtures which seemed sufficiently 
accurate for comparison with theoretical calculations were those 
on Ne—Hpe mixtures (see reference 19) and those on CHy—C2He 
mixtures (see reference 20). However, pure H2 does not give good 
agreement with the theory, and in the other mixture, the data for 
pure C2Hg are not sufficiently complete. 

%R. Wiebe and V. L. Gaddy, J. Am. Chem. Soc. 60, 2300 

1938). 
, 35 4 Michels and G. W. Nederbragt, Physica 6, 656 (1939). 

26 J. R. Roebuck and H. Osterberg, Phys. Rev. 48, 450 (1935). 

” J. R. Roebuck and H. Osterberg, Phys. Rev. 46, 785 (1934). 

8 Roebuck, Murrell, and Miller, J. Am. Chem. Soc. 64, 400 
(1942). 

% J. R. Roebuck, Proc. Am. Acad. 60, 537 (1925). 

#” J. R. Roebuck, Proc. Am. Acad. 64, 287 (1930). 
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derivatives of the second virial coefficient, defined 
(analogously to Eq. (12)) as: 


B(r)=B(T)/bo; B(r)=7*Ld'B©/dr*]. (24) 


Tables of the functions B“ have been presented else- 
where.! 11 

As an additional check with experiment, uo (du/dp), 
values from experiment and from Eq. (23) have been 
compared. This comparison is exhibited graphically in 
Fig. 3. For argon, the calculated curve is definitely 
higher than the experimental points ; this corresponds to 
the fact that in this temperature region Ceate <Cexp 
and Ceaic? >Cexp™ (as can be seen in Fig. 2). The 
two effects are additive in producing an error in 
uo '(du/dp)o. For carbon dioxide and nitrogen, how- 
ever, Coat >Cexp™ and Create >Cexp™, these two 
effects tend to cancel one another. And, indeed, for 
these gases the experimental points do not all fall below 
the calculated curve as they did for argon. It would thus 
seem that the discrepancies between calculated and 
experimental Joule-Thomson coefficients are reasonably 
consistent with the differences between calculated and 
observed third virial coefficients. 
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Fluorescence Studies of Some Simple Benzene Derivatives in the Near Ultraviolet :*} 
II. Toluene and Benzonitrile 


ARNOLD M. Basst{ 
Department of Physics, Duke University, Durham, North Carolina 


(Received July 24, 1950) 


The fluorescence spectra of toluene and benzonitrile have been studied using various sources of excitation. 
In both cases, discrete spectra have been observed in the near ultraviolet. The spectrum of toluene shows 
about 100 bands while that of benzonitrile shows about 140 bands. In both cases, there is good agreement 
with the absorption spectra. Progressions are noted and assignments are made for some of the vibrations in 
accordance with the symmetry properties of the molecules. 





INTRODUCTION 


N a preceding paper! (hereafter denoted by I) a 
method was described for observing the fluores- 
cence spectra of some benzene derivatives. In the 
present paper, the results obtained by applying the same 
method to excite fluorescence in toluene (CsH;CH3;) and 
benzonitrile (CsH;CN) will be described. 

The fluorescence of toluene was studied previously 
by Marsh? in 1923. He found that excitation of toluene 
vapor by light from a mercury arc produced a discrete 
fluorescence spectrum in the near ultraviolet. Most of 
these bands had been observed before in emission in a 
Tesla discharge through toluene vapor.’ After the 
present research was completed a paper appeared by 
Asundi and Padhye* in which the emission studies in 
an electric discharge through toluene were considerably 
extended. It will be seen later that their interpretation 
and ours coincide in general for the bands observed in 
emission and fluorescence. Toluene has been studied 
quite carefully with regard to its Raman spectrum®® 
infra-red absorption spectrum,’ and ultraviolet ab- 
sorption spectrum." Recently the phosphorescence of 
toluene in solid alcohol solution has also been in- 
vestigated.” 

No fluorescence data have been found for benzonitrile 
vapor. McVicker, Marsh and Stewart* reported a con- 
tinuous background in the region 2740-3490A in a 


* Based on a portion of a thesis submitted in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy in the 
Graduate School of Arts and Sciences of Duke University, 1949. 

} This investigation was assisted by the ONR under Contract 
N6ori-107, Task Order I, with Duke University. 

t Present address: Laboratory for Insulation Research, Massa- 
chusetts Institute of Technology, Cambridge, Massachusetts. 

' A. M. Bass and H. Sponer, J. Opt. Soc. Am. 40, 389 (1950). 

2 J. K. Marsh, J. Chem. Soc. London 123, 3315 (1923). 

’McVicker, Marsh, and Stewart, J. Chem. Soc. London 123, 
2147 (1923). 

*R. K. Asundi and M. R. Padhye, Ind. J. Phys. 23, 339 (1949). 
, agai)” F. Kohlrausch and H. Wittek, Monats. f. Chem. 74, 

°K. S. Pitzer and D. W. Scott, J. Am. Chem. Soc. 65, 803 (1943). 

7J. Lecomte, J. de phys. et rad. 8, 489 (1937). 

8 J. Savard, Ann. de Chim. 21, 287 (1929). 

*K. Masaki, Bull. Chem. Soc. Japan 11, 346 (1936). 

r — Robertson, and Matsen, J. Chem. Phys. 14, 511 

1M. R. Padhye, Ind. J. Phys. 23, 331 (1949). 

” P. P. Dikun and B. Y. Sveshnikov, J. Exp. and Theor. Phys. 
(U.S.S.R.) 19, 1000 (1949). 
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Tesla discharge with a few indistinct bands superim- 
posed. Benzonitrile has been investigated in the Raman 
effect,* 4 in infra-red” and in ultraviolet® '®!” absorp- 
tion. 

In both toluene and benzonitrile as well as in other 
substances, Schiiler and Woeldike'* have observed 
and discussed the appearance of discrete emission 
spectra produced as a result of electron impact in a 
hollow cathode discharge. 


EXPERIMENTAL DETAILS 


The details of the experimental arrangement were 
given in I. To summarize the method, fluorescence was 
excited using light from a mercury arc and also from 
high voltage condensed sparks between electrodes of 
different materials. The spark was operated at 10,000 v 
and 1 kw with a capacitor of 0.025 yf. 

In order to control the exciting wave-length region, 
cut-off filters of organic solutions were used in con- 
junction with Corning glass filters. The fluorescence 
spectra were photographed with a Bausch and Lomb 
medium quartz spectrograph having a dispersion of 
about 9.5A per mm in the region under observation. 
The slit widths used ranged from 10 to 300 microns 
and exposure times, on Eastman II-0 plates, ranged 
correspondingly from 120 to 6 hours. 


EXPERIMENTAL RESULTS 
Toluene 


In the recent work on the ultraviolet absorption spec- 
trum of toluene,’ the 0, 0 band was found to be a doublet 
at 37477 and 37480 cm (about 2667.5A). In addition, 
toluene has strong absorption bands at 37993.6 cm™ 
(2635.4A), and 38441.3 cm (2600.6A). For exciting 


131,, Simons, Soc. Sci. Fennica, Commentations Phys. Math. 
6, Nr. 13 (1932). 

4K. W. F. Kohlrausch and A. Pongratz, Sitz. Akad. Wiss. 
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15 P, Barchewitz and M. Parodi, Comptes Rendus 209, 30 
(1939) ; J. de phys. et rad. 10, 143 (1939). 

16 H. E. Acly, Zeits. f. physik. Chem. 135, 251 (1928). 

17R. C. Hirt and J. P. Howe, J. Chem. Phys. 16, 480 (1948). 

18 H. Schiiler and A. Woeldike, Physik. Zeits. 42, 390 (1941). 

19 H. Schiiler and A. Woeldike, Physik. Zeits. 43, 17 (1942). 

20 A. Woeldike, Zeits. f. Naturforsch. 1, 566 (1946). 

21H. Schiiler, Zeits. f. Naturforsch. 2a, 556 (1947). 
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the fluorescence we used Ni, Al, Fe, and Mn sparks, 
and the Hg arc, which have suitable exciting lines in or 
near some or all of the toluene absorption bands men- 
tioned above. Strong fluorescence was observed to re- 
sult from excitation by Al, Fe, and Hg, while Mn gave 
a moderately strong fluorescence and Ni only a very 
weak emission. Although the Hg arc spectrum has no 
lines coinciding with the toluene 0, 0 band, it does 
have the advantage of having only a few lines as com- 
pared with the spark spectra of Al or Fe. This fact 
made it possible to determine the exact nature of the 
excitation when the Hg spectrum was used as the source 
for the toluene fluorescence. Therefore, the Hg arc 
was used as the chief source of excitation for toluene. 
Figure 1 (A) shows the fluorescence spectrum that was 
obtained for toluene with a slit 35 microns wide upon 
excitation by an Al spark for 100 hours and using a 
Corning No. 9863 filter. Figure 1 (B) shows the fluores- 
cence excited by a Hg arc under similar conditions. 
The similarity of the main features of the spectra is 
apparent. In both cases, the vapor pressure corre- 
sponded to approximately 10 mm of Hg. 

The spectrum extends from about 37480 to about 
34000 cm! (2667-2925A), and consists of some 100 
bands which appear to degrade to the red. Table I 
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Fic. 1. Fluorescence spectrum of toluene vapor. (A excited by 
Al spark, Corning filter No. 9863, vapor pressure 10 mm; B ex- 
cited by Hg arc under similar conditions) and absorption spectrum 
for comparison. 
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lists the bands as measured in the toluene spectrum 
along with the intensities and probable assignments. 
The intensities were estimated visually according to 
the following scale: s—strong, ms—medium to strong, 
m—medium, mw—medium to weak, w—weak, vw— 
very weak ; d—diffuse, vd—very diffuse ; b—broad, »b— 
very broad. In the assignment column the number to 
the left of the comma gives the vibrational level of the 
lower electronic state, and the number to the right of 
the comma gives the vibrational level of the upper state 


Bu 
rh 


involved in the transition. Numbers with negative | 


signs to the right of the comma refer to v,v transitions. 
Less accurate measurements and assignments for which 
there may be some doubt are enclosed in parenthesis. 

Bands marked by an asterisk correspond to emission 
bands observed by Asundi and Padhye. A cross on the 
left side of the wave numbers marks those bands which 
correspond to fluorescence bands given by Marsh. 
Owing the greater accuracy of the present measure- 
ments, the old values of the fluorescence bands deviate 
a little in position from the new ones. A few bands re- 
ported by Marsh on the short wave-length side of the 
0,0 transition were not found in this research. 


Benzonitrile 


As mentioned above, the fluorescence of benzonitrile 
has not been studied before. Hirt and Howe’ have re- 
cently measured the ultraviolet absorption spectrum of 
this substance and have found the 0,0 band to be at 
36516 cm™ (2737.7A). There are other strong absorp- 
tion bands at 37036, 37454, 37480, and 37696 cm 
(2699.3, 2669.1, 2667.3, 2650.0A). For exciting the 
fluorescence in benzonitrile, sparks of Mn, Fe, and Cu 


. were used, as well as the Hg arc. Excitation by Hg and 


Cu gave only very weak fluorescence, while excitation 
by Mn and Fe sparks gave very strong fluorescence. 
The spectrum obtained using the Fe spark consisted 
of some strong bands superposed on an almost continu- 
ous background. This continuum results probably from 
the excitation of many high levels in benzonitrile by the 
very rich iron spectrum. 

The spectrum resulting from Mn excitation shows 
about 140 discrete bands extending from 36520 to about 
33400 cm! (2735 to 2990A) which are listed in Table II 
in the same fashion as the toluene bands in Table IL. 
The spectrum extends further to about 3500A, but the 
bands become broad and diffuse beyond 3000A and the 
spectrum takes on the appearance of a continuum. 
Figure 2 (A) shows the spectrum obtained on excitation 
by a Fe spark for 115 hours through a 60-micron slit, 
and using a Corning No. 9863 filter. The vapor pressure 
was about 20 mm. 


DISCUSSION OF RESULTS 
Toluene 


The theory of the spectra of monosubstituted benzene 
derivatives has been reviewed elsewhere (see I). The 
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TABLE I. Fluorescence bands of toluene. 
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TABLE I.—(Continued) 

















Separation Separation 
Wave- Wave from 0,0 Wave- Wave from 0,0 
length number 37480 length number 37480 
A cm! Int. cml Assignment A cm Int. cm-l Assignment 
2667.2 +37480* s 0 O,0 2791.5 35812 w 1668 21210, 751 
68.2 467 ms 13 O, -—9 (92.4 (801) vw (1679) (789+-897, 0) 
71.5 + 421* md 59 517, 456;0, —59 93.2 791 w 1689 2>X845,0 
74.4 380* m,d 100 623, 528 94.4 775 mw 1705 517+1181, 0; (623 +1077, 0) 
75.8 + 361* w 119 2517, 2456; 0, —2 X59 96.6 747 mw 1733. 517+1210,0 
77.8 333 mw 147 97.7 733* w 1747 845+897,0 
(78.3) (326)* w (154) 98.7 720 mw 1760 517+2X623,0 
79.7 + 307* ms 173 623, 456;0, —173 99.8 706 m 1774 789+982, 0; 407 +517 +845, 0 
80.6 294* m,d 186 (3 X517, 3 X456); (0, —3 X59) 2801.4 686* m 1794 789+1004, 0; 2 X897,0 
81.4 283 ms 197 06.1 626 vw 1854 845-+1004, 0; 
83.8 250* mw 230 «=51 2 _— 2 X456; 0, —59 —173 (407 +517 +2 467, 0) 
86.5 + 212 mw,d,b 268 789 07.5 608 w 1872 3623, 0; (789+1077, 0) 
90.7 154 mw,d,b 326 789, 156 08.3 + 598 w 1882 845+1032, 0; 897 +982, 0 
92.9 + 124* mw 356 2407, 456 09.8 579 w 1901 89741004, 0; 2 1181, 456 
95.1 093 w 387 4 14,9 515 w 1965 78941181, 2 2 X982, 0; 
96.6 073 ms 407 407,0 2 X1210, 456 
(98.7) + (044) ww (436) (2218, 0) 16.9 + 490 mw 1990 (21004, 0); - +1210, 0; 
2701.9 000 w 480 1004, 528; 407, —59; 407 +517, 456 2 X789 +407, 0 
02.6 36990 w 490 (23.7) (404) vw,vd (2076) 21032, 0; (1004 +1077, 0); 
04.6 + 963* sg 517 517,0 (517 +623 +2 467, 0) 
06.0 + 944 Ss 536 517, —9 (25.5) (382) vw (2098) 517+2X789, 0; 407 +789 +897, 0 
09.1 902 mw,d 578 1032, 456; 517, —59; 2517, 456 30.8 315 vw 2165 982-+1181, 0; (21077, 0) 
(09.8) (892)* w (588) 32.6 + 293* mw 2187 1181 +1004, 0 
12.4 + 857* s 623 623,0 (34.1) (274) ww (2206) 407+789+-1004, 0; 623 +2 X789,0 
17.2 + 792* mw,vd 688 (688, 0); 623, —59; 623 +517, 456; 35.3 259 mw 2221 1004 +-1210, 0; 407 +789 +-1032, 0; 
517, —173 (517 +623 +1077, 0) 
19.6 759 mw 721 1181, 456 36.9 239 w 2241 1032 +1210, 0; 2 X623 +1004, 0 
22.5 734 w 746 1210, 456; 623, — = 4) (208) w (2272) (4074-789 +1077, 0 
23.1) (712) ow (768) (2 X1077, 932 486). 0 845, 932) 0.5 195 mw 2285 517+789-+-982, 0; (1077 +1210, 0) 
24.1 699 m 781 483 098 vw 2382 1181 +1210, 0; (2 K1181, 0); 
24.6 + 691* ms 789 #8789, 407 +789 +1181, 0 
25.7 677 s 803 789, ci 2 X623, 456; 623, —173 50.8 + 068* ww 2412 21210, 0; 407 +2 1004, 0; 
26.7 664* m 816 2 ae 0 623 +789 +1004, 0 
28.8 635 w 845 53.5 034 vw 2446 407+1004+1032, 0; 
29.55 -- 626* mw 854 789, ie 789 +517, 456 623 +789 +1032, 0 
30.7 610 mw,vd 870 2407 +517, 456 (54.6) (021) vw (2459) 2 623+1210,0 
32.7 + 583 mw 897 897,0 55.1 015 vw 2465 407+845 +1210, 0; 
35.5 546 w 934 (2 X467, 0) (2 X730 +1004, i 
37.0 + 526* mw,vd,b 954 789, —173; 789 +623, 456 59.4 34962 vw 2518 517 p Rye ee 
39.1 498* w,vd 982 982,0 517+2X 
40.7 + 476 ms 1004 1004,0 61.3 939 w 2541 (3 X845, ty si7 — +1181,0 
41.4 467* ms 1013 1004, —9 63.7 910 w 2570 5174845 +1210, 
42.8 448 mw 1032 1032,0; 2X517,0 (65.8) + (884) ow (2596) 407+1004 Hi8i? 
45.1 + 418* w,vd,b 1062 1004, —59; 1004+517, 456 623 +789 +1181, 0 
(46.2) (403)* vw (1077) (1077, 0; 21004, 932) 69.5 839* mw 2641 623+2 1004, 0; 
48.5 w,vd 1108 (2 X1032, 964) 407 +1032 oh i210. 0 
(49.7) (357) vw (1123) 2789, 456 (73.5) (791) vw (2689) 2845 +1004, 0; 
51.1 w 1142 517+623,0 (407 +1077 +1210, 0) 
54.1 299* m 1181 1181, 0; (1004, —173); 81.6 693* wd 2787 Fey RAS tay b 789 +2 X1004, 0 
(1004 +623, 456) 86.5 + 634 w 2846 789+2 1032 
56.3 + 270* m 1210 1210,0 623 £1604 £1216, 0 
57.5 254 w 1226 3 X407,0 (89.4) (599) vw (2881) 517-+2 1181, 0; 
58.5 241 mw 1239 2623, 0; 1181, —59; 845 +1004 +1032, 0 
1181 +517, 456 (95.7) (524) ow (2956) (3 X982); 789 — +1181, 0 
(60.7) (212)* vw (1268) 1210, —59; 1210+517, 456 98.2 494 vw 2986 982+2 1004, 0 
62.1 194 w 1286 (1286, 0) 789 T9582 1210, 0 
(63.1) (181) vw (1299) (1299, 0) 2901.7 + 452 vw 3028 31004, 0; 789 +1032 +1210, 0 
(64.6) (161) ww (1319) (1319, 0); (21032, 751) 02.4 444 vw 3036 (3036, 0); 1032 +2 X1004, 0; 
66.1 141 w 1339 1181, —173; _ +623, 456; 623 +2 X1210, 0 
517+2 ae ii (09.8) (357) wd (3123) (1004 +1032 +1077, 0); 
(68.4) (111) ow (1369) 517+845,0 (845 +1077 +1210, 0) 
69.3 + 100 w 1380 §©(1380, 0); (2 X688, 0) 14.0 307 w,vd,b 3173 (3173, 0); 789 +1181 +1210, 0 
71.7 + 068 w 1412 407 +1004 0; 623 +789, 0 21.9 214* vw,d 3266 (21629); 845 +1210, 0; 
75.5 019 w 1461 (2 X730, 0) (1004 +-1077 +1181, 0) 
(78.3) (35983) ow (1497) 1a3y, ~ "517 +982, 0 
80.1 959 m 1521 517 +1004, 0 
81.2 + 945 mw 1535 (2 1032, 528) 
84.4 + 904 mw 1576 2 X789, 0; (2 X1032, 456) ° ° ° i i 
88.5 + 851* m 1629 (1629, 0);'623 +1004, 0 measured in ultraviolet absorption and emission. The 
(89.7) (836) vw (1644) (407+517 +730, 0); 


407 +517 +1181, 456 





toluene molecule is treated here as belonging to the sym- 
metry class C2,. Though this is not rigorously true, it 
serves to explain quite well the spectra observed in the 
ultraviolet absorption and also in emission. The elec- 
tronic transition in toluene is considered to be A;>B,, 
which is allowed, as are transitions involving vibra- 
tional states of symmetry ai, a, and f;. Transitions in- 
volving vibrational states of symmetry f are generally 
forbidden except for 20,0 and »,v transitions. 

The strong fluorescence band at 37480 cm (see 
Table I) was taken to correspond to the 0,0 band in 
toluene. The bands in the fluorescence spectrum are 
found to be in excellent agreement with the values 


frequency differences of the fluorescence bands from 
the 0,0 band are listed in the fourth column of Table I. 
The vibrations which are most strongly excited in the 
ground state have the frequencies: 407, 517, 623, 789, 


1004, 1032, 1181, and 1210 cm™. 


The fundamental 


ground-state vibration frequencies which have been 
observed in fluorescence are collected in Table III 
where symmetry assignments are given and where they 
are compared with the values obtained through other 
methods. Each of the strong totally symmetric vibra- 
tions is found to be excited in the ground state up to at 
least two quanta and also in many combinations. 

The 407 cm vibration has been assigned®*® the 
symmetry a and is analogous to the 411 cm™ vibration 
found in fluorobenzene (see I). According to Pitzer and 
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TABLE II. Fluorescence bands of benzonitrile. TABLE II.—(Continued) 








Separation 
Wave from 0,0 
number 36519 
Int. cem7! Assignment 


Separation 
from 0,0 
36519 
Assignment 





—3 X40) 
—137); (270, 130) 
—153); (314, 160) 
173,0 
173, —15 
173, —40 


BFEPSSERPRPSSeCsre 


270, —15 

314, 0; 270, —40 

(2 X173, 0) 

314, —40; 270, —2 X40 


382, 0 


382, —15; (270, —137) 
(382, —2 X15) 

382, —40; (270, —153) 
173 +270, 0 


462, 0 

462, —15 
173 +314, 0 
462, —40 


(382, —137); (3 X173, 0) 
(382, —153) 

(2 X270, 0) 

548, 0 


548, —15 


548, —2 X15; 270 +314, 0 
548, —40; (462, —137) 
(462, —153) 


618, 0 
618, —15; 173 +462, 0 
1 


ZRRER 


8 


(618, —2 X15) 
618, —40; 270 +382, 0 


681, 0 

(173 +548, 0) 

771, 0; (2 X%382, 0) 

314 +462, 0 

771, —15 

173 +618, 0 

771, —40; 3 X270, 0 

270 +548, 0; (681, —137) 
845, 0; 382 +462, 0 

(845, —2 X15) 


328 


eee 


geee 
e 
a 


771, —137 


382 +548, 0 
173 +771, 0; 270 +681, 0 


1003, 0 

1003, —15; 173 +845, 0 

1026, 0 

1026, —15; 1003, —40; 270+771,0 
(1026, —2 X15) 

1026, —40; 382 +681, 0 

462 +618, 0; 1003, —2 X40 
314+771,0 

2 X548, 0 

1026, —2 X40; 173 +382 +548, 0 


26.0 375 m (3 X382, 0); 462 +681, 0; (1003, —137) 


SPPITTITTITITTT 


382 +771, 0; (1003, —153) 

548 +618, 0; (1026, —137) 

1175, 0; 173 +1003, 0 

1194, 0 

1194, —15; 270 +382 +548, 0 
1175, —40 

2 X618, 0; 1194, —40; 4624771, 9 


270 +1026, 0; 618 +681, 0 
1311, 0; (2 X382 +548, 0); 548-4771, 
1311, —15; (1194, —137) 
1311, —40; 173 +1175, 0; (1349, 0) 
173 +1194, 0; (618 +751, 0) 
3 X462, 0; 382 +1003, 0; 548 +845, 9 
382 +270+771, 0 
270 +548 +618, 0; (681 +751, 0) 
618 +845, 0; 270 +1194, 0; 6814771, 
462 +1003, 0; 548 +2 X462, 0 
382 +2 X548, 0; 173 +1311, 0; 
314 +548 +618, 0 
1498, 0; 270 +382 +845, 0 
(2 X751, 0) 
681 +845, 0; 1498, —15 
2 X771, 0; 618 +2 X462, 0; 1498, ~4 
548 +1026, 0; 382 +1194, 0 
681 +2 X462, 0; (1603, 0) 
771 +845, 0; 618 +1003, 0 
3 X548, 0; 618 +1026, 0 
173 +1498, 0 
681 +1003, 0; 382 +618 +681, 0 
2 X845, 0; 382 +462 +845, 0 
2 X548 +618, 0 
548 +1194, 0 
2 X382 +1003, 0 
771 +1003, 0 
618 +1194, 0; 270 +548 +1003, 0 
3 X618, 0; 845 +1003, 0 
2 X548 +771, 0; 845 +1026, 0 
173 +771 +1003, 0; 771 +1175, 0 
771 +1194, 0; 462 +1498, 0 
681 +1311, 0 
2 1003, 0 
+1026, 0 
845 +1194, 0; 548 +1498, 0; 
(2 X1026, 0) 
2 X618 +845, 0; 771 +1311, 0 
1003 +1175, 0; 548 +618 +1003, 0 
1003 +1194, 0; 548 +618 +1026, 0; 
(4 X548, 0) 
1026 +1194, 0 
382 +845 +1003, 0; (2228, 0) 
382 +845 +1026, 0 
2 X618 +1026, 0 


548 +771 +1026, 0; 1026 +1311, 0 

2 X1194, 0; 382 +2 X1003, 0 

771 +2 X845, 0; 618 +845 +1003, 0; 
(4 X618, 0) 

*3 X845, 0 

2 X771 +1003, 0; 548 +2 1003, 0; 
548 +845 +1194, 0; 382 +1003 +11%,0 
2 X845 +1003, 0; 1194 +1498, 0 


771 +2 X1003, 0 
771 +845 +1175, 0 
845 +2 X1003, 0 


(618 +1003 +1311, 0) 

771 +1026 +1175, 0 

2 X1498, 0; 771 +1026 +1194, 0 
3 X1003, 0 

(2 X1003 +1026, 0) 

845 +1003 +1194, 0 











Scott, this frequency is to be associated with an out-of- In the 1000 cm™ region, three totally symmetric 
plane carbon bending vibration. The band has been re- vibrations appear with frequencies 1004, 1032, and 
ported neither in absorption or in emission. 1181 cm~. The corresponding frequencies found in the 

The 517 cm™ and 623 cm™ frequencies have been Vy absorption spectrum!" are 1003, 1012, and 11% 
discussed in detail a number of times.**"°" They are ¢m—1, Of these, the 1004 is without doubt a carbon ring 
analogous to the 517 cm™ and 612 cm™ frequencies in vibration. The 1030 and the 1181 frequencies have beet 
fluorobenzene absorption” (see I) and result from the assigned>-73 to hydrogen planar bending vibratiot 
splitting of the 606 cm ¢,*+ benzene carbon vibration which arise from the benzene vibrations e,~ and 
when the substitution of the CHs group reduces the ypon reduction of symmetry Dex to Coy. The lattet 
symmetry of the molecule from Dg, to Co». assignment (i.e., connected with e,+) seems reasonable 


2S. H. Wollman, J. Chem. Phys. 14 123 (1946). because a totally symmetric hydrogen vibration is & 
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FLUORESCENCE OF BENZENE DERIVATIVES 


pected in this region. From the types of combinations 
that occur in fluorescence in connection with the 1181 
om band, it may also be concluded that a symmetric 
yibration is likely. Alternative explanations for the 1181 
band which would give weak transitions are added in 
prackets in Table I. 

The 1030 cm frequency has also been assigned® 6% 
to a symmetric hydrogen vibration. However, if the 
frequency 964 cm™, observed to occur strongly in ab- 
sorption'*"' in the upper electronic state, is associated 
with this vibration, then it is more plausible to in- 
terpret it as a carbon vibration because these vibrations 
are, in general, more affected by the electronic excita- 
tion than hydrogen vibrations. This argument, however, 
would not apply to the ground state. Ginsburg, Robert- 
sn, and Matsen and Padhye list a totally symmetric 
band at 1012 cm™ which they correlate with the 1030 
om vibration found in Raman and infra-red spectra. 
There was observed in the fluorescence spectrum a 
fairly intense band at 36467 cm™, separated from the 
0,0 band by 1013 cm, and a medium weak band at 
36448 cm™, separated from the 0,0 band by 1032 
om. If the former band were a totally symmetric 
fundamental vibration, then one should expect to find 
the 1013 frequency repeated in various combinations. 
But, such is not the case. The 1032 cm™ vibration does 
appear, albeit weakly, twice excited and in a number of 
combination bands, thus making its assignment as a 
totally symmetric vibration more reasonable than is the 
case for the 1013 cm™ vibration. The 1013 band is 
probably the 1004 vibration on which is superposed a 
i transition with a very small frequency difference. A 
satellite band 11 cm™ from the 0,0 band is observed in 
the absorption spectrum of toluene. Likewise the band 
in the fluorescence spectrum at 37467 cm corresponds 
to the transition 0,—9. In chlorobenzene,” and phenol*® 
such satellites with the same order of magnitude of 
sparation from the 0,0 band have been observed, and 
have been explained as arising from a 1,1 transition, 
probably of a low frequency vibration. 

The band at 36691 cm separated from the 0,0 band 
by 789 cm~! corresponds to the 785 cm vibration in 
the UV absorption. In analogy with the 808 cm™ vibra- 
tim in fluorobenzene (see I), this vibration of fre- 
quency 789 cm™ is correlated with the totally sym- 
metric C-CH; bond vibration. 

As in fluorobenzene, there is observed in the toluene 
pectrum a fairly intense band in the 1200 cm™ region, 
at 36270 cm~! separated from the 0,0 band by 1210 
mm”. The same vibration is observed in the UV ab- 
wption spectrum. Raman depolarization measure- 
ments indicate that this vibration is totally symmetric, 
and the fluorescence measurements tend to confirm this 
assignment. As to the nature of this vibration, it is not 
=A. R. Choppin and C. H. Smith, J. Am. Chem. Soc. 70, 
1520 (1948), 

*H. Sponer and S. H. Wollman, J. Chem. Phys. 9, 816 (1941). 
oo Ginsburg, and Robertson, J. Chem. Phys. 13, 309 


\ 
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possible to choose between a carbon vibration suggested 
by Kohlrausch and Wittek and a hydrogen vibration 
suggested by Pitzer and Scott. 

Pitzer and Scott list a Raman line of frequency 467 
cm~ and assign it to an out-of-plane carbon vibration 
of symmetry #2. This vibration does not appear once 
excited in fluorescence, in accordance with the sym- 
metry requirements. But there is observed a band in 
fluorescence at 36546 cm“, 934 cm from the 0,0 band, 
which can be interpreted as resulting from the transi- 
tion 2X 467,0. This twice excited vibration appears also 
as a possible explanation of the 35404 cm™ band. How- 
ever, for lack of further substantiating evidence, the 
assignment of the 467 vibration is listed as uncertain. 

The band of frequency 845 cm™ is related to the 
Raman 840 cm™ vibration. This band appears in fluo- 
rescence excited several times and in a number of com- 
bination bands. It seems to be closely related, in its 
origin, with the 824 cm“ band in fluorobenzene (see I). 
However, while the latter appeared strongly in the 
upper electronic state in absorption, the 843 cm™ 
toluene vibration does not. As in the case of fluoro- 
benzene, Kohlrausch and Wittck assign the symmetries 
a and 2 to this vibration. However, as outlined in I 
for the case of fluorobenzene, this assignment is difficult 
to reconcile with the frequent appearances of this fre- 


33508 (3x1003, OF 


34326 (1003 + 1194, 0) 
Si2 {2 K 1003,0) 


5325 (94, 0 


35516 (1003, 0) 


35966 (548, 0) 


“ 


Fic. 2. A. Fluorescence spectrum of benzonitrile vapor excited 
by Fe spark, Corning filter No. 9863, vapor pressure about 20 mm. 
B. Absorption spectrum for comparison. 
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TABLE III. Ground-state vibration frequencies in toluene. 








Raman Infra-red 


Kohlrausch and Wittek* 


Pitzer and 


Scott Lecomte* 


UV absorption 
Ginsburg, Robertson 


Symmetry 


Refer- 
ence 6 





This 


and Matsen¢ research 





216 (5b, 0.68) 
294 (00?) 
344 (3, dp) 
405 (0) 


521 (6, 0.60) 
623 (4, dp) 


730 (1) 
786 (9, 0.12) 
814 (3) 

843 (1, dp) 
897 (1, b) 

977 (3) 

993 (4) 

1004 (12) ) 


(0.08) 
1030 (8) | 


1085 (0) 
1155 (2) 


1177 (1) 
1189 (00) 
1208 (5, p) 
1278 (0) 
1301 (00?) 
1321 (00) 
1379 (4, 0.55) 
1433 (4) 
1445 (3, dp) 


1502 (0) 
1585 (2) 
1604 (4, 0.81) 
1623 (0?) 
2870 (2b, p) 
2920 (5b, p) 
2979 (3) 
3001 (3) 
3034 (4b) 
3051 (7sb) 


3067 (4b) 
3169 (4) 


842 
890 
(985) 


1002 


1030 
1060 
1155 


1175 
1190 
1210 
1282 
1310 


1380 


1455 
1483 
1495 
1586 
1603 
1630 


ho 


(2950) 


(3046) 


(3062) 
(3080) 


(218) Bs 
(294) 
Bi 


407 a2 
(467) Be 
517 

623 

(688) 
(730) 

789 


845 
897 
982 


1004 


(2986) 
(3036) 


(3173) 








® See reference 5. 
b See reference 6. 
© See reference 7. 
4 See reference 10, 


quency in the fluorescence spectrum which would rather 
suggest a symmetric vibration. The independence of 
the frequency of this vibration on the substituent ob- 
served in Raman spectra points to a hydrogen vibra- 
tion but this assignment is not definite since a totally 
symmetric hydrogen ring vibration is not expected in 
this low frequency region. 

The occurrence of a fluorescence band at 897 cm™, 
another at 2X897, and of combinations with other 
vibrations suggests the 897 cm™ frequency to be a 
fundamental. This vibration has not been observed in 
absorption and it gives a weak Raman line. Pitzer and 
Scott assume it to be a hydrogen vibration of sym- 
metry 2. The results in fluorescence seem to indicate 
that the 897 cm™ vibration has the symmetry a: 
rather than #2. For if it were 62, the 1,0 transition of 


this vibration would not be observed; while if it were 
8, the observed combinations with a:-vibrations would 
be forbidden. 

The fluorescence band at 36792 cm~, 688 cm from 
the 0,0 band, arises from the same vibrations as the 
690 cm— band observed in the infra-red absorption 
spectrum.’ The interpretation of this band is the same 
as that given for the band involving the 673 cm 
vibration in fluorobenzene, (see I). It is assigned toa 
hydrogen vibration of symmetry a2. The band at 3610 
cm-, 1380 cm=! from the 0,0 band, may be explained 
as 2X688,0, but it is also possible that this band repre 
sents the transition 1380,0 corresponding to the 1379 
cm fundamental. 

There appear in the fluorescence spectrum of toluene, 
as in that of fluorobenzene, bands of low frequency 
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FLUORESCENCE OF BENZENE DERIVATIVES 


TABLE IV. Ground-state vibration frequencies in benzonitrile. 








Raman effect Infra-red absorption 


Barchewitz 
and Parodie Lecomte4 


Hirt and 


Kohlrausch* Howe> 


Masakie 


Symmetry 
Reference 
Hirt and This This 
Howe> research 16 7 research 


UV absorption 








170 (86, 0.85) 170 (10) 

206 

264 

323 

378 (3) 384 
460 (6) 
548 (5) 
623 (5) 


752 (4) 
764 (6) 
1001 (10) 
1026 (3) 
1178 
1192 


1598 (10) 
2229 (10) 
3071 (8) 


173 2 Be 


270 
314 
382 
462 
548 
618 
681 


(751) 


771 
845 


1003 
1026 
1175 


1194 
1311 
(1349) 


1498 
1603 
(2228) 








*See reference 13. 
>See reference 16. 
¢See reference 14. 
4See reference 7. 
See reference 9. 


which can be best interpreted as difference frequencies 
of 9,9 transitions. In UV absorption, difference fre- 
quencies of 59 and 178 cm™ were found. In the fluo- 
rescence spectrum difference frequencies of 9, 59, and 
173 cm were observed which appear superposed on 
the 0,0 band and also on the strong totally symmetric 
vibrations. No assignments are made for the 9 cm™ 
or the 173 cm™ frequencies. The 59 cm™ difference fre- 
quency is observed twice excited in fluorescence and 
appears in several combination bands. Numerically, the 
39 fits the explanation 517, 456, but absorption meas- 
uwements favor an explanation connecting it with a 
vibration of lower frequency.!° 


Benzonitrile 


The analysis of the fluorescence spectrum of benzo- 
nitrile proceeds in much the same manner as in the 
cases of fluorobenzene and toluene. Hirt and Howe" 
have performed a successful analysis of the UV ab- 
sorption spectrum considering that the molecule has 
Cy, symmetry. Taking the fluorescence band at 36519 
cm as 0,0 band (reported as 36516 cm™ in absorption), 
the computed separations of the measured fluorescence 
bands from the 0,0 band are listed in the fourth column 
of Table II. The vibrations which are most strongly 
‘xcited in the ground state have the frequencies: 173, 
482, 462, 548, 618, 771, 845, 1003, 1026, and 1194 cm—. 


The fundamental ground state frequencies which have 
been observed in fluorescence are collected in Table IV, 
where they are compared with the values obtained 
through other methods,” *~'* and where proposed sym- 
metry assignments are included. 

The vibration frequency 173 cm (170 cm in UV 
absorption) is explained by Hirt and Howe as corre- 
sponding to the bending of the nitrile group out of the 
plane of the ring. This motion would belong to a :- 
symmetry. The fluorescence spectrum does not con- 
tribute new information concerning this assignment. 

The 382 cm“ vibration which gives rise to a band of 
medium intensity, has a Raman depolarization factor 
of 0.36 which indicates that the vibration may be to- 
tally symmetric. This suggestion seems to be confirmed 
by the large number of combination bands which occur 
in fluorescence involving this frequency. Barchewitz 
and Parodi'® have attributed this frequency to the 
motion of the nitrile group. However, if this assign- 
ment were true, it could not refer to a symmetric vibra- 
tion because such a vibration would have a much larger 
frequency. It is, therefore, concluded that either their 
assignment is not correct or the 382 cm™ vibration is 
not totally symmetric. 

As in fluorobenzene and toluene, a pair of frequencies 
of 548 and 618 cm™ is observed in benzonitrile which is 
considered to result from the splitting of the 606e,* 
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carbon vibration in benzene. The §,-symmetry of the 
618 vibration has been confirmed by polarization meas- 
urements in the Raman effect; the polarization char- 
acter of the 548 line is not known. The vibration would 
have symmetry a; if the above assignment were correct. 
However, this is not entirely certain, because in some 
monosubstituted benzenes with heavier substituents 
like chlorobenzene, the totally symmetric component 
of the pair drops down below 500 cm. 

The fluorescence spectrum shows a band of medium 
intensity with frequency 771 cm“, with multiples and 
combinations indicating that it is a totally symmetric 
vibration. In the Raman effect, a pair of lines of fre- 
quencies 751 and 765 cm™ is observed. Raman de- 
polarization measurements give a value of 0.15 for the 
combination, in agreement with the suggested total 
symmetry of the vibration. In fluorescence, no band at 
the lower frequency (751 cm™) is observed, although 
there is some evidence from combination bands that 
there may be present a #.-fundamental with this fre- 
quency. It is assumed that the 771 cm™ vibration corre- 
sponds to the 789 cm™ vibration in toluene and the 
808 cm= vibration in fluorobenzene and therefore 
represents the C—CN bond vibration. 

The remaining strong totally symmetric vibrations 
are directly correlated with vibrations of about the 
same frequencies in toluene and fluorobenzene. The 845 
cm~' vibration is correlated with the 824 cm™ vibra- 
tion in fluorobenzene and the 845 cm vibration in 
toluene. The 1003 vibration, giving the strongest band 
in the spectrum, represents the totally symmetric 
carbon ring vibration (1012 cm™ in fluorobenzene, 
1004 cm~ in toluene). The 1026 vibration is probably 
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another carbon vibration (1030 cm in fluorobenzene 
1032 cm in toluene). The 1194 cm vibration j 
analogous with the 1220 cm™ in fluorobenzene fr. 
quency and the 1210 cm“ toluene frequency. The bang 
at 35838 cm™, which is 681 cm from the 0,0 bang 
has been correlated with the 676 cm™ frequency o}. 
served in the infra-red by Lecomte. This is similar t) 
the 673 cm™ vibration in fluorobenzene and the 633 
cm vibration of toluene. The vibrational modes cop. 
nected with these various frequencies have been dis. 
cussed either in the section on fluorobenzene or in tha 
on toluene. 

There appear in the fluorescence spectrum of benz. 
nitrile bands of low frequency which can best be jp. 
terpreted as difference frequencies of v,v transitions, 
Hirt and Howe found in the UV absorption spectrum 
difference frequencies of 40 and 221 cm. In th 
fluorescence spectrum possible difference frequencies of 
15, 40, 137, and 153 cm™ are observed. No assignments 
are proposed here for these frequencies, although for 
the 40 cm™ frequency the transition 170, 130 has been 
suggested.” 

In the fluorescence spectra of both toluene and benz- 
nitrile, weak bands are observed which correspond to 
transitions from vibrational levels of the excited state 
to vibrational levels of the ground state. However, 
these transitions are considerably weakened by the los 
of the oscillation energy in the excited states through 
gas kinetic impacts. 

The author wishes to thank Professor H. Sponer for 
her constant encouragement and many helpful discus 
sions in directing this research. 
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The Infra-Red Spectrum of Nitrosyl Chloride 
Joun H. Wise AND Jack T. ELMER 
Department of Chemistry, Stanford University, Stanford, California 
July 31, 1950 


HE effect of nitrosyl chloride as a possible contaminant due 

to reaction between various nitrogen compounds and the 

rock salt windows on infra-red gas cells has led to a re-examination 

of the infra-red spectrum of nitrosyl chloride. Bailey and Cassie! 

have reported the spectrum, but serious doubt of their assignment 

of fundamental frequencies was raised by the results of Beeson 

and Yost.2 The latter authors proposed a different assignment 

based on the electron diffraction data of Ketelaar and Palmer® and 
some calculations involving Lechner’s formulas.‘ 

In the present research, nitrosyl chloride was prepared in two 
ways: by passing N2O, over.a column of damp KCl, and by a 
direct combination of Cl: with NO. The first procedure produced 
an impure, condensable, mixture consisting of N2O,, CINO, and 
CINO:. This observation confirms the results of Ogg and Wilson® 
on the oxidation of CINO by Oz since oxygen was not rigidly ex- 
cuded during the preparation. In the second procedure, tank 
chlorine was purified by the method described by Beeson and 
Yost? and the nitric oxide was generated by a similar procedure 
to that of Johnston and Giauque.* The gases were collected in 
graduated traps, and then evaporated into the evacuated system. 
The mixture of gases, containing an excess of NO, was frozen out 
with liquid air and allowed to stand for about 36 hours in a bath 
originally containing dry ice and acetone. After refreezing in liquid 
air, the excess NO was removed by pumping from a dry ice bath. 
Unfortunately, a trace of N2O, was detected in the product. The 
spectra were taken on a Perkin-Elmer Model 12-C Spectrometer 
using a 10-cm glass cell with NaCl or KBr windows. 

The observed spectrum of nitrosyl chloride differs somewhat 
from that reported by Bailey and Cassie,! particularly their band 
at 633 cm. A comparison of the various assignments is given in 
Table I. The assignment offered as a result of this work is similar 
to Beeson and Yost’s? proposal of the most reasonable choice based 
on Bailey and Cassie’s' results. Definite indication of absorption 
in the 650 cm=! region is found, but the position was not accur- 


Taste I. Vibrational frequencies of CINO. 
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ately determined. The calculated value of the entropy of CINO 
using Beeson and Yost’s* Eq. (16) and substituting 327, 594, and 
1800 cm™ for the fundamentals gives: 


S°cinwo = 4RinT +S 327+S594+S1800+ 15.460 E.U. 
= 62.466 E.U. at 298°K. 


This compares favorably with the value 63.0--0.3 cal./deg. found 
from thermal data. 


1 Bailey and Cassie, Proc. Roy. Soc. (London) A145, 336 (1934). 
2 Beeson and Yost, J. Chem. Phys. 7, 44 (1939). 

3 Ketelaar and Palmer, J. Am. Chem. Soc. 59, 2629 (1937). 

4 Lechner, Monatshefte fiir Chem. 61, 385 (1932). 

5 Ogg and Wilson, J. Chem. Phys. 18, 900 (1950). 

6 Johnston and Giauque, J. Am. Chem. Soc. 51, 3194 (1933). 





“‘Glass Electrode Behavior in Acid Solutions”’ 


MALCOLM DOLE 
Department of Chemistry, Northwestern University, Evanston, Illinois 
July 31, 1950 


NDER the above title, Sinclair and Martell have replied to 
my criticism? of their earlier paper* in which these authors 
advocated a negative ion theory for the acid solution errors of 
the glass electrode. In this most recent note Sinclair and Martell 
object to my description of the attack of hydrogen fluoride on 
glass as having no bearing on the interpretation of the results of 
their work in which they used sulfuric and hydrochloric acids. In 
my letter, I quoted our former work with hydrogen fluoride as a 
spectacular example of the way in which chemical attack on the 
glass surface can destroy the reversible glass electrode e.m.f.’s. I 
did not, of course, state or imply that the action of hydrofluoric 
acid is chemically similar to that of sulfuric or hydrochloric acid. 
T shall now explain in detail what is believed to be the action of 
strong acids such as sulfuric and hydrochloric on glass surfaces. 
In this connection I would like to refer to the excellent new book 
of Kratz,‘ in which his extensive work’ on the chemical properties 
of glass surfaces is summarized. When Corning 015 glass elec- 
trodes are immersed in water, alkali is leached out of the surface 
leaving a layer or “skin” of hydrated silicic acid gel as residue. 
In contact with strong acids in which the vapor pressure of water 
has been significantly lowered, the surface film of silicic acid is 
dehydrated, the asymmetry potential is increased, the rate at 
which the glass gives up alkali to pure water is increased, the 
electrical resistance of the glass membrane is increased, and the 
hydrogen electrode function of the glass surface impaired. This is 
what I meant in my note by chemical attack, and its effects on 
the reversibility of glass electrode e.m.f.’s. I hope that this ex- 
planation of the mechanism of chemical attack clarifies my criti- 
cism of the negative ion theory of Sinclair and Martell. 
1E. E. Sinclair and A. E. Martell, J. Chem. Phys. 18, 992 (1950). 
2M. Dole, J. Chem. Phys. 18, 573 (1950). 
3 E. E. Sinclair and A. E. Martell, J. Chem. Phys. 18, 224 (1950). 
4L. Kratz, “‘Die Glaselektrode und ihre Anwendungen”’ Wissenschaftliche 


Forschungsberichte, Vol. 59 Frankfurt, 1950. 
5 L. Kratz, Glastechn. Ber. 20, 15, 305 (1942). 





Normal Modes of Ethane 


T. S. G. KRISHNAMURTY AND S. SATYANARAYANARAO 
Andhra University, Waltair, India 
August 9, 1950 


HE theory of groups has been successfully used to obtain the 
normal modes and frequencies of molecules, and the selec- 

tion rules for spectral lines in the Raman effect and infra-red ab- 
sorption. In these applications, only symmetry operations of the 
type rotations, reflections and rotation-reflections are usually 
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taken into account. However, in some molecules, it may be pos- 
sible to consider other elements of symmetry, as for example, a 
twist through 120° of one of the CH; groups against the other in 
the molecule C.Hs. Using the point group D3,’ Howardf obtained 
the normal modes, etc., of this molecule. In this paper, assuming 
that the potential energy has the symmetry of the molecule in- 
cluding the twist also, the symmetry characters of the modes and 
the selection rules for their appearance in the Raman effect and 
the infra-red absorption are given. The results are tabulated in 
Table I. Details regarding the normal frequencies will be published 
separately. 


+ J. B. Howard, J. Chem. Phys. 5, 442 (1937). 





The Vibrational Energy of H.S* 


Harry C. ALLEN, JR. AND PAu C. Cross 


Department of Chemistry and Chemical Engineering, 
University of Washington, Seattle, Washington 


AND 
GILBERT W. KING 
Arthur D, Little, Inc., Cambridge, Massachusetts 
August 1, 1950 


HE approximate location of four new band centers in the 

infra-red spectrum of hydrogen sulfide has enabled the 
evaluation of the complete quadratic expression for the unper- 
turbed vibrational energies as 


(E— Eo) cm™ = 2651n4+2635n,+1189n3— 26n,* 
— 24n?— 6n3?—90ngnx—19n—ns—20nzn3. (1) 


Equation (1) yields the unperturbed levels shown in column two 
of Table I. From the observed perpendicular type bands"? at 9911 
cm and 10194 cm~, the Darling-Dennison® parameter ~ may be 
evaluated as 47 cm™. The calculated energy values for the two 
pairs of interacting levels are listed in column 3 of the table. 

The constants in (1) and the Darling-Dennison interaction 
parameter were evaluated from the unstarred levels in Table I. 
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The absorption in the region® of 5146 cm™ shows an overlapping 
spectrum centered at approximately 5143 cm™ as compared 
the calculated value 5138 cm™ for the perturbed (020) band. Thy 
appearance of this parallel type band is presumably due to ¢h, 
borrowing of intensity through rotational interaction from ty 
neighboring (110) perpendicular type band just as has been preyj. 
ously indicated in the appearance of the (400) band? at 10188 en; 

The analysis of the 8u-region reveals that recent investigators 
have not detected the P branch." The early investigation ¢ 
Mischke,"* however, shows a weak P branch extending from 11% 
cm to nearly 1000 cm. 

As would reasonably be expected the results described by (1) 
are analogous to a similar treatment of the water vapor system! 
The most conspicuous feature of this analysis is the low frequency 
of the bending fundamental, from 50 to 100 cm™ less than it hs 
recently been considered to be." 


* The work herein reported was supported in part by the ONR unde 
Contract N8onr 52010. 

1P, C. Cross, Phys. Rev. 47, 7 (1935). 

2 Grady, Cross, and King, Phys. Rev. 75, 1450 (1949). 

3B. T. Darling and D. M. Dennison, Phys. Rev. 57, 128 (1940). 

4G. M. Murphy and J. E. Vance, J. Chem. Phys. 6, 426 (1938), 

5 R. M. Hainer and G. W. King, J. Chem. Phys. 15, 89 (1947), 

6 Allen, Cross, and Wilson, J. Chem. Phys. 18, 691 (1950). 

7 To be reported shortly. 

8 Not yet observed. 

® Unpublished data of M. K. Wilson. 

10 A, D. Sprague and H. H. Nielsen, J. Chem. Phys. 5, 85 (1937), 

11R. H. Noble, Thesis, Ohio State University (1946). 

12 E, A. Wilson, Thesis, Brown University (1947). 

13 W. Mischke, Zeits. f. Physik 67, 106 (1931). 

4G. Herzberg, Infrared and Raman Spectra of Polyatomic Molecule 
(D. Van Nostrand Company, Inc., New York, 1945), p. 283. 





The Quantum-Mechanical Equation of State 


ROBERT W. ZWANZIG 
Gates and Crellin Laboratories of Chemistry,* 
California Institute of Technology, Pa , California 
July 18, 1950 





N the last few years there has been some disagreement about 
the equivalence of the thermodynamic and kinetic pressure of 
a quantum liquid, with special emphasis on liquid helium IL 
The kinetic pressure is obtained from the quantum-mechanical 
virial theorem. Equations of state which do not appear to be identi- 
cal have been derived from statistical thermodynamics by H. $. 
Green! and J. de Boer.” In this note, a simple derivation will be 
given, which may expose more clearly the assumptions required. 
By differentiating the partition function with respect to volume, 
we get 
0A dE; 
—/m— (A—E;)_—? ) 
P dv - é ov 
where all symbols have their usual significance. The dependence 
of the energy levels of the system on its volume is needed. To get 
this, we introduce a scale factor, depending on the volume, into 
the Schrédinger equation for the system, and determine the de- 
pendence of the energy levels on this scale factor. This device i 
related to the one used by H. S. Green to get the classical equation 
of state, and by de Boer for the quantum-mechanical case. The 
Hamiltonian operator for the system is 


h2 N 
H=-—2z Vri? + V (tie: - - tN). 
2m k=1 


The potential is assumed to become infinite at the walls. This 
wall potential is taken into account by requiring eigenfunctions 
to vanish at the walls. We define a new coordinate system, 


rT,= viR; (3) 


where » is the volume of the system. A variation in 2 corresponds 
to an expansion or contraction of the system, without any change 
in its relative shape or configuration. The equation of state that 
will result will be valid oniy for such changes in volume. However, 
when the dimensions of the system are large compared with the 
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mean de Broglie wave-length of a particle, one may expect that 
its thermodynamic properties will not depend on its shape. 
eeping Re fixed, and varying v, the Hamiltonian becomes an 
explicit function of the volume: 


ae 
= ——v 12 Vai+V(vIRi- - -o!Ry). (4) 
2m k=1 


By differentiating the Schrédinger equation with respect to 2, at 
constant R, 
dy; _ Hovi oH 


OE; 
ov dv + ao”! 


0EW; ; 

a Bigg tae 
Multiply through by y¥;* and integrate over configuration space. 
dE; 
ov 
Because of its Hermitian character, the latter term vanishes, and 
stm f ust Suidr (7 
—a not unexpected result. Put this into Eq. (1), and make use 

of the following property of the statistical operator, 


exp(6(A —H))y;=exp(6(A — Ej) )¥; (8) 


(5) 


0H ; 
= fur Dart fora-E ear, 6) 


to get 
e _ pz PHi_> (2 _Au. 
-p=B exp (A Ei) 5 =2 Sve ep G4-A) War. 0) 


4n important feature of this is that there is no difficulty here 

with the commutivity of the operators. This has been a source of 

confusion in the treatments of Green and de Boer. By carrying 

out the differentiation of the Hamiltonian, as de Boer has shown, 
the result is 

N 

po=3 z= 


k=1 


(10) 


2\ 2 N 
=) 3 z (re-VriV) 
2m k=1 


where averages are taken over the canonical ensemble. (P; is 
now the momentum operator.) 

The final equation obtained by de Boer differs from this in 
that he uses an expansion of the energy eigenfunctions in free 
particle wave functions. This is justified, since the energy eigen- 
functions correspond to a bound state, are quadratically in- 
tegrable, and may be expressed as Fourier transforms. 

This equation of state is identical with that obtained from th 
viral theorem, so that the kinetic and thermodynamic pressures 
are the same for a quantum fluid. 

*Contribution No. 1441. 

_'H.S. Green, in Born and Green, A General Kinetic Theory of Liquids 
(Cambridge University Press, 1949) p. 23; Physica 15, 882 (1949). 


1J. de Boer, Reports on Progress in Physics XII, pp. 325-335; Physica 
15, 843 (1949), 





Dissolution of Phenanthrene in Compressed Gases 


S. RoBIN AND B. VopDAR 
Laboratoire des Hautes Pressions, Bellevue 


an 
Laboratoire de Physique-Ensignement, Sorbonne, Paris, France 
July 31, 1950 


ie apparatus employed for the compression of argon and 
nitrogen has already been described.! 

Our concentration measurement rests on Beer’s law, of which 
the validity at the very low concentration of our solutions is un- 
questionable. But the optical density of a given band does not 
five directly the variation of the concentration with pressure, as 
oe must take into account some specific effects of pressure and 
temperature on the intensity and position of the band. Those 
tects are given by the investigation of unsaturated solutions, 
where the concentration in g/cm is constant ;? temperature and 
pressure are varied in such a way that the gas can never get out of 
the bomb for the duration of the experiment. 





Absorption coe -— 


xC 
ttl 
ea 




















‘ P Shem 


° 500 1000 





Fic. 1. Absorption coefficient times ct versus pressure. 


Figure 1 shows that the specific effect of pressure is relatively 
important. On the other hand, between 0°C and 50°C, no measur- 
able specific effect of temperature could be found. 

The method used does not give the solubility in absolute value; 
this value is supplied approximately by the measure of the mass of 
phenanthrene used to make unsaturated solutions, and also by 
comparison with the spectrum of a solution in cyclohexane of 
known concentration; thus we evaluated to 10-* g/cm’ the mass 
of phenanthrene contained in 1 cm! of saturated solution in com- 
pressed nitrogen at 600 kg/cm? and 17°C. 

Figure 2 represents the decimal logarithm of the mass m of 
phenanthrene dissolved in 1 cm* of compressed gas as a function 
of the density of the gas. It can be seen that: 


m= Ctep"e*? (1) 


at constant temperature.* The measurements are not accurate 
enough for the exact determination of m; but they show neverthe- 
less that » is certainly small. The curves in Fig. 3 show that: 


m=Ae-B!T (2) 


at constant density* where B is a constant which depends on the 
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Fic. 2. Logie m —c* versus density for N2, A and H:2. 
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Fic. 3. Logio m —c* versus 1/T. 


density of nitrogen and A another constant in first approximation, 
which could be nevertheless a slowly varying function of tem- 
perature. 

The results of the previous works, concerning chiefly the sys- 
tems® § CsHs— Ne and Iz— COs, from which we calculated m and 
p approximately fit in the relation mentioned above; the fact 
that # depends on the nature of the gas proves that the observed 
phenomenon could not be merely due to a variation of vapor pres- 
sure according to the Poynting’s relation. Of course the quantity 
B in formula (2) is proportional to an activation energy; our re- 
sults show a decrease of this energy as a function of the molecular 
density of the solvent, i.e., of the mean distance of approach be- 
tween its molecules and the surface of the solid. 

Figure 4 shows the displacement of an absorption band of 
phenanthrene for A= 2850A for He, Nz and Ar.’ It is known that, 
according to the impact theory valid mainly at low densities,* the 
displacement must be a linear function of the density of the foreign 
gas; according to the statistical theories which are supposed to be 
valid at higher densities,* the displacement should vary as the 
square of the density. Experimentally, mostly linear displacements 
are known to have, within a few isolated cases, a tendency towards 
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Fic. 4. Change of frequency with density for ¢2, A and N2. 
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a more rapid increase.* Though our results extend to far hj 
pressures no such square law was found ; on the contrary, the dis. 
placement becomes slower at high densities. Of course it is difficult 
to derive a definite conclusion from this fact as phenanthrene jx 
not well suited for such a comparison. On the other hand, in the 
above theories, the displacement does not depend on temperatyr,. 
this agrees with our results. 


1B. Vodar and S. Robin, J. Chem. Phys. 16, 996 (1948). 

2 The solutions are made by introducing into the bomb an amount of 
phenanthrene of the order of 10~¢ g obtained by evaporation titrated solu. 
tions in petroleum ether. 

2S. Robin and B. Vodar, Comptes Rendus 230, 1840 (1950). 

4S. Robin, Comptes Rendus (to be published). 

51, Krichevsky and D. Gamburg, Acta Phys. (URSS) 16, 362 (1942) 

6 H. Braune and F. Strassman, Zeits. f. physik. Chemie A143, 225 (1929) 

7S. Robin, Comptes Rendus 230, 1757 (1950). ™ 

8H. Margenau and W. Watson, Rev. Mod. Phys. 8, 22 (1936), 

9G. F. Hull, Jr., Phys. Rev. 50, 1148 (1936). 
















An Electron Diffraction Study of Structures of 
Tetramethylorthosilicate, Hexamethyldisiloxane, 
and Hexachlorodisiloxane 


Kazuo YAMASAKI, AKIRA KOTERA, MASATOKI YOKOoI, 
AND YOSHIMITSU UEDA 
Chemical Laboratory, Nagoya University, Nagoya, Japan 
July 31, 1950 








OLECULAR structures of tetramethylorthosilicate, hen. 
methyldisiloxane, and hexachlorodisiloxane were deter- 
mined by electron diffraction studies on their vapors. Tetramethyl- 
orthosilicate was prepared by the reaction of SiCl, with methanol, 
Hexachlorodisiloxane was prepared by passing a mixture of oxygen 
and chlorine over heated silicon. Hexamethyldisiloxane was given 
to us by Mr. I. Hizawa of Nissin Chemical Industries, Ltd., to 
whom we express our sincere thanks. 

The camera was a non-sector type with the sample-plate dis 
tance of 11 cm. The photographs were taken at about 20°C with 
the accelerating voltage of 40-50 kv and photographs covering s 
values of 3-28 were obtained. 

The interatomic distances and valence angles determined are 
as follows: 


Si(OCHs),: 
Si—O=1.64+0.03A, C-O=1.42+0.04A, 
ZSiOC: 11342°. 
(CHs3) 35910Si(CHs)3: 
Si—O=1.63+0.03A, Si- C= 1.88+0.03A, 
ZSiOSi=130+410°, <CSiC=111+4°. 
C1;SiOSiC]l;: 
Si—O=1.64+0.05A, Si— Cl =2.02+0.03A, 
Z SiOSi=undetermined, <CISiC]= 109.5+2°. 


In Si(OCHs), each methyl group has a staggered configuration 
to the non-bonded oxygen atoms. The visual intensity curve’ 
well reproduced by assuming the temperature factor a;;?=0.004 
The theoretical intensity curves for the cis-configuration or the 
free rotation of methyl groups were not in accord with the visual 
curve. 

In (CH;);SiOSi(CHs); no information about the relative Posi 
tions of (CHs)3Si groups was obtained, but the theoretical intensity 
curve assuming the temperature factor of 0.004 is in accord with 
the visual curve. 

In Cl,SiOSiCl; the valence angle SiOSi was not determined. I 
this angle is assumed to be 130°, the visual curve is in good accord 
with the theoretical curve calculated for free rotation of Chi 
groups, while its match is poor with the theoretical curve assul 
ing the temperature factor of 0.004. 

The observed Si—O distances are about 1.64A and are in accord 
with the values reported for spirosiloxane,! 1.64-+0.03A and hex 
methylcyclotrisiloxane,? 1.66--0.04A. The SiOSi valence angle 
computed by Sauer and Mead? from data on dipole moments 0 
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jinear and cyclic dimethylpolysiloxanes is 160+15° and is larger 
than the value observed by Aggarwal and Bauer? for hexamethyl- 
cyclotrisiloxane, 125+5° and our results. 

iw, L. Roth and D. Harker, Acta Krist. 1, 34 (1948). 


:£, H. Aggarwal and S. H. Bauer, J. Chem. Phys. 18, 42 (1950). 
ip. 0. Sauer and D. J. Mead, J. Am. Chem. Soc. 68, 1794 (1946). 





The Raman Spectrum of Tetrafluoroethylene in the 
Condensed Phase, with Further Assignment 
of the Fundamental Frequencies 
ANDRE MONFILS AND JULES DUCHESNE 


Department of Chemical Physics, University of Liége, Belgium 
July 31, 1950 


OLECULES having V;, symmetry have been under dis- 

cussion for a long time. In particular, numerous studies 
have been devoted to C2H,! and C2Cl,,? with the aim of deducing 
a general potential function from the fundamental vibrations. 
Anumber of important problems have arisen from these analyses 
and a comparative study made by one of us* has drawn attention 
to the behavior of certain cross terms which may change sign on 
passing CoH, to C2Cly. It is, therefore, considered of great interest, 
from the point of view of comparison, to extend the previous work 
to include a study of C2F4, which is believed to be a member of 
the same group. Furthermore, it is to be expected that the very 
peculiar properties of this compound will be reflected in the po- 
tential function. 

As the infra-red spectrum of gaseous C2F, had already been 
obtained with fair resolution by Torkington and Thompson,‘ the 
Raman effect remained to be studied in order to complete the 
spectroscopic data for this molecule. The apparatus used in this 
investigation was the same as that described previously by 
de Hemptinne, Jungers and Delfosse.’ The Huet spectrograph 
was a three-glass prism instrument giving a dispersion of about 7A 
mm in the region involved. The exciting frequencies employed 
were the 4050A and the 4358A lines of a mercury d.c. current dis- 
charge lamp. The following frequencies (cm™'), corresponding to 
the condensed substance at about —100°C, were found: 


397(m) 508(vs) 551(m) 779(s) 830(w)’ 
930(vvw) 1018(vw) 1100(vw) 1350(vvw) 1872(m) 


These data are accurate to +1 cm™ for the strong lines and to 
+3 cm for the weak ones. A comparison with the infra-red 
bands shows that there are no coincidences. This fact, which de- 
pends upon the selection rules for the V, point group, favors Vp 
symmetry in the liquid as well as in the gas. A similar question is 
still under discussion for C2H,® where a breakdown of selection 
rules in the liquid state has been reported. 

While this note was in preparation, we have had access to a 
paper by Nielsen, Claassen, and Smith’ concerning the Raman 
efiect for the gas. A comparative study of the results is therefore 
of interest. According to these authors the frequencies corre- 
sponding to the gaseous form are: 


4(w) 503(m) 517(m) 769.4(vw) 777.9(S)  809.7(vvw) 
818.9(m) 828.7(vw) 1018.5(w)  1340(vw) 1872(m) 


The vapor-liquid frequency shifts, if any, are too small to be 
determined. 

There are, however, a number of changes on passing from the 
gas to the liquid : the disappearance of the two maxima at 503 and 
517 cm™, with replacement by a single maximum at 508; the 
appearance of the lines at 551, 930 and 1100; and the disappear- 
ance of the line at 818.9. It is difficult to distinguish exactly the 
changes induced by condensation from those depending upon in- 
sttumental conditions. This question is of great importance in 
connection with the influence of intermolecular forces on the in- 
tensities. One of the main points to be stressed concerns the line 
at 551 cm~; the present authors have assigned this line to the low 
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frequency vibration of the Bi, group. This discovery checks the 
validity of the inferences drawn by Nielsen, Claassen, and Smith 
from the infra-red combination bands. On the other hand, the 
line at 1100 may be used as an alternative assignment for the high 
frequency vibration of the same group which was located at 1340. 
No final choice between these values can as yet be made with 
certainty, though the shape of the line at 1100 is in favor of a Bi, 
line. Furthermore, though our observations confirm the presence 
of a line at about 1340, it is not yet excluded that it could result 
from intensity fluctuation in the continuum. 

We are in complete agreement with Nielsen, Claassen, and 
Smith with regard to their assignment of the infra-red bands. In- 
deed, the only set of infra-red frequencies which is consistent with 
a satisfactory potential function favors this assignment. 

As a consequence of the above considerations the plane fre- 
quencies may now be assigned as follows: 


Ag 397 779 1872 
Bi, 1100 551 
Buu 1186 558 
Bou 1337 250 


The frequency at 250 cm, which has not been observed directly, 
has been deduced by us from a potential function representing 
the other observed frequencies. This result is also in agreement 
with the suggestion of Nielsen, Claassen, and Smith as regards Boy. 

The C=C frequency vibration at 1872 cm“ is strikingly higher 
than the corresponding vibration in CH, (1623) and C2Cl, (1571). 
This fact is in agreement with preliminary calculations of the C=C 
bond force constant for C2F,; a value as high as 12 10° dynes/cm, 
as compared with 9.0105 dynes/cm for C2H,, is obtained. A 
detailed study of the potential function will be made later on. 
However, it is already possible to ascertain that the peculiar sta- 
bility of this compound can be explained in terms of the potential 
function. 

The experimental part of this work has been carried out in the 
laboratory of Prof. M. de Hemptinne at the University of Louvain. 
We wish to express our deep gratitude to Prof. de Hemptinne for 
his great hospitality and for his invaluable help and advice during 
the course of the laboratory work. We are also very much indebted 
to Dr. R. N. Haszeldine of Cambridge University for kindly sup- 
plying us with a sample of the compound. We are grateful to the 
Fonds National de la Recherche Scientifique for the financial sup- 
port given this research. 

1C, Manneback and A. Verleysen, Ann. Soc. Sci. Brux. 56, 349 (1936) ; 
Yong-Li-Tchang, Ann. Soc. Sci. Brux. 58, 87 (1938); M. de Hemptinne and 
C. Manneback, Proc. Ind. Acad. Sci. 9, 286 (1939); J. Duchesne, Puysica, 
La Haye 10, 817 (1943). 

2 J. Duchesne, Physica, La Haye 9, 249 (1942); H. Bernstein, J. Chem. 
Phys. 18, 478 (1950); P. Torkington, J. Chem. Phys. 18, 773 (1950). 

3 J. Duchesne, V. Henri Mem. Vol. (Desoer, Liége, 1948), p. 47. 

(194s) Torkington and H. W. Thompson, Trans. Faraday Soc. 41, 236 

5 M. de Hemptinne, J. Jungers, and J. M. Delfosse, J. Chem. Phys. 6, 
319 (1938). 

6D. H. Rank, E. R. Shull and D. W. E. Axford, J. Chem. Phys. 18, 116 
(1950); R. L. Arnett and B. L. Crawford, J. Chem. Phys. 18, 118 (1950) ; 
P. Torkington, J. Chem. Phys. 18, 758 (1950). 


7J. R. Nielsen, H. H. Claassen and D. C. Smith, J. Chem. Phys. 18, 
817 (1950). 





Relationship between Conductivity of the System 
Ethanol+ Water+ Sulfuric Acid and the 
Solvent Composition 


InDRA SANGHI, D. S. DaTar, AND S. H. ZAHEER 


Central Laboratories for Scientific and Industrial Research, 
Hyderabad-Deccan, India 


August 7, 1950 


LTHOUGH considerable work has been done on measure- 
ments of conductance of various electrolytes in mixed sol- 
vents,' no attempt has so far been made to define the relation 
existing between the conductivity and the solvent composition. 
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TABLE I. 


TABLE I. 








Equivalent conductivity in 
reciprocal ohms 
Water effect Alcohol effect 
calculated _ by difference 


19.92 
30.98 
41.92 
52.85 
95.01 


G moles per liter 
Water Alcohol Observed 


4.25 a 30.73 

6.96 ° 39.00 

9.67 J 48.28 
12.38 56.97 
23.19 100.4 











The present note deals with the relationship between conductivity 
of sulfuric acid in alcohol water mixture and molar proportion of 
the two solvents in the mixture. The results of an experiment, in 
which conductivities of sulfuric acid+ethy] alcohol+water system 
were determined, keeping the amount of sulfuric acid constant and 
varying the proportion of ethyl alcohol and water, are given in 
Table I:—Cell constant=1.49; temperature=22.5°C; sulfuric 
acid=0.3056 N. 

In a mixture of alcohol and water, sulfuric acid dissociates 
more or less completely and H* and SO,— ions get attached to 
water and alcohol molecules, the ions attached to water showing 
very high conductance compared to the ions attached to alcohol. 
In effect this amounts to the division of sulfuric acid in water and 
alcohol, the acid in water mainly contributing toward the con- 
ductance. The number of solvent molecules in association with ions 
should depend on the molar composition of the solvent mixture 
and the simplest possible way in which the acid may distribute 
itself between the two solvents will be in the ratio of the molar 
proportion of the two solvents in the mixture. On this basis the 
equivalent conductivity of sulfuric acid in ethyl alcohol and water 
will be equal to (M/56.56)Aw+(M4/17.54)A4 where My and 
Ma are number of gram moles of water and alcohol respectively 
in 1 liter of the solution and Ay and Ag are the equivalent con- 
ductivities of My/(Mw+Ma)N sulfuric acid in water and M4/ 
(Mw+Ma)N sulfuric acid in alcohol, N being the total normality 
of sulfuric acid. 

For the calculation of the water effect, the equivalent con- 
ductivities at 22.5°C at different concentrations of sulfuric acid 
in water were obtained by extrapolation of the values at 18° 
and 25° given by A. A. Noyes and co-workers? and other investi- 
gators.’ As similar values for conductance of sulfuric acid in ethyl 
alcohol are not known, the alcohol factors were obtained by dif- 
ference. Equating the alcohol factors with the second term in the 
equation, it is possible to obtain the equivalent conductivities of 
sulfuric acid in alcohol for concentrations varying from 0.1 to 
0.25N. The values lie near one another and the average may be 
taken to represent the equivalent conductivity at 22.5°C of 0.2N 
sulfuric acid in ethyl alcohol. This value works out to be 8.6 
mhos which compares well with the value of 9.6 mhos given by 
Goldschmidt for the equivalent conductivity at 25°C of 0.2N 
hydrochloric acid in ethy] alcohol. 

Further work is in progress. 

1 Compare references cited by S. Glasstone, The Electro-Chemistry of 
Solutions, (1945), Third Edition, pp. 85-89 and also Robert Kremann and 
Walter Brassert, Monatsh. 31, 195-200 (1910). 

2 A, A. Noyes and co-workers, J. Am. Chem. Soc. 30, 335-353 (1908). 


3 International Critical Tables VI, 242 (1929). 
4H. Goldschmidt, Zeits. f. physik. Chemie 89, 129 (1915). 





Near Ultraviolet Absorption Spectrum of 
Liquid Benzene from 2795 to 3560A 
ANNA C, PiTTs* 


Chemistry Department, Duke University, Durham, North Carolina 
August 10, 1950 


KLAR! reported finding weak absorption bands for benzene 
in the 3400A region, and the absorption spectrum of liquid 
benzene in this region was later reported by Lewis and Kasha.? 


Liquid benzene 


V, cm" (air) AV, cm7! loge 





—2.850 
—2.940 
—3.043 
—3.293 
—3.832 


32150 +20 
31200 +20 
30350 +20 
29410 +20 
28520 +20 


950+40 
850 +40 
940+40 
890 +40 











CURVE | 


T 

b s 

3 & 
LOG € (CURVE 2) 


LOG € (CURVE 1) 
b 


' 
~w 
w 


CURVE 2 











28 2~=—S(30 32 34.~=—o36 
¥x103,.cM" 


Fic. 1. Curve 1, pure liquid benzene (~32°C) ; 
curve 2, benzene in isooctane. 


Through a study of phosphorescence emission Shull’ has recently 
given a vibrational analysis of this band. 

Some work by the author at Mount Holyoke College and by 
Mr. E. J. Hackney in this laboratory on benzene and some of 
its derivatives gave indications of some low intensity structure in 
this region and thus suggested a careful reinvestigation of the 
3400A absorption region in benzene. In view of this, the following 
work was carried out. 

A sample of very carefully purified benzene and concentrated 
solutions (approximately 3.0 M and 1.5 M) of benzene in various 
solvents with an optical path of 10.006 cm were measured with 
calibrated Beckman Quartz Photoelectric spectrophotometer 
Model DU, using a slit width of 0.34 to 0.28 mm. Pure isooctane 
was used as the comparison standard in the measurements af 
liquid benzene and isooctane solution. The absorption spectrs 
of liquid benzene (curve 1) and of isooctane solution (curve 2), 
Fig. 1, represent the average loge-values of four complete measutt 
ments of each phase from 2795 to 3560A. Table I gives the location 
of the bands, the separations, and the average loge-values. The 
band at 2852020 cm was not reported by Lewis and Kasha’ 
The concentrated solutions of benzene in the solvents 95 percent 
ethyl alcohol and chloroform showed similar structure m this 
region. It may be noted that the intensity of these bands is esse? 
tially 10-5 smaller than the 2600A series. 
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In liquid benzene there is an indication of a shoulder in the 
‘on of 34000 cm™, which may be related to the low intensity 


I . 
ms discussed by Shull,? and Roothaan and Mulliken.‘ 
*The author acknowledges the suggestions and the study of the data 
de by Dr. Marcus E. Hobbs of this laboratory and Dr. Emma P. Carr, 
Professor Emeritus, Chemistry Department, Mount Holyoke College, 
South Hadley, Massachusetts. 
“1A. L. Sklar, J. Chem. Phys. 5, 669 (1937). 
2G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 67, 994 (1945). 
1H. Shull, J. Chem. Phys. 17, 295 (1949). 
‘¢. C. J. Roothaan and R. S. Mulliken, J. Chem. Phys. 16, 118 (1948). 





Dielectric Relaxation in Glycerine 


D. W. Davipson AND R. H. COLE 
Macalf Chemical Laboratories, Brown University, Providence, Rhode Island 
August 28, 1950 


ATA of Morgan! and Mizushima? for dielectric polarization in 
glycerine are fitted only qualitatively by dispersion equations 
of the Debye type, but are not sufficiently extensive for a better 
function to be uniquely determined. We have made such measure- 
ments at temperatures from 0°C to —75°C, by a bridge method 
over the range 50 cycles/sec. to 5 Mc/sec. and by a transient 
method at longer times. A typical plot of the complex dielectric 
constant e*=e’—te’’ at —50°C is shown in Fig. 1. At high fre- 
quencies the locus is similar to the arc function found to describe 
many relaxation processes,’ but at low frequencies it approaches 
asemicircle as predicted by simple dispersion theory. 
The data can be fitted, except for the small high frequency 
“hump,” by the expression 


€*— €o= (€0= Ex) /(1+iwro)!™, (1) 


where ¢) and ¢.. are the limiting low and high frequency values, w 
is radian frequency, and 7 a characteristic relaxation time. The 
curve in Fig. 1 is computed from Eq. (1) with a2=0.397, «>= 64.11, 
«,=4.18, and the value of 70 to fit the data is found to be 1.26 
X10 sec. The necessary values of a vary only slightly with tem- 
perature, while ¢€9 increases gradually and 7 exponentially with 
reciprocal temperature. The slight high frequency increment in 
é appears at all temperatures in a frequency range of the order 
500 times that for the time 7o. ; 
The distribution function F(7/7o) for relaxation times 7 in the 
interval d In(r/ro) is of interest, and is defined by the relation 


© F(r/r9)d In(r/r0) 
—_ = == » 
*— €.= (€0 «) f 1biwr 
Inversion of this equation by use of Fourier transforms gives for 
the &* of Eq. (1) the result 


F(r/10) = (sinar/x)[7r/(ro—7) |, 


=0, 1r>7. 





T<T0, (2) 


from this expression one finds that a broad distribution including 
significant contributions for 7 as small as 79/100 is necessary with 
a=0.4, 


% 


¢ 








40 


Fig. 1, Complex dielectric constant locus of glycerine at —50°C. Numbers 
beside points are frequencies of measurement. 
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Yager* has suggested that the earlier data could be explained 
by overlapping relaxation processes, possibly corresponding to 
orientations of molecules and of associated groups. This hypothesis 
becomes unattractive in the light of Eq. (2). In the first place, 
the largest value of 7, namely ro, is of the order of magnitude but 
smaller than the value predicted by the Debye relation® 7» 
=3nV/kt for reasonable values of viscosity 7 and molecular vol- 
ume V. Second, the spectrum of 7 extends continuously in the di- 
rection ‘of shorter rather than longer times. 

The Jimitations of the Debye model of a molecular sphere re- 
orienting in a viscous fluid are well known, and an argument in- 
volving its quantitative use to object to the concept of association 
in a simple sense necessarily loses some force as a result. The more 
important consideration is the fact that the necessary distribution 
of relaxation times behaves in a fashion quite contrary to what one 
would expect as a result of such association. We conclude that a 
more detailed analysis of the interaction of polar groups is neces- 
sary to account for the relaxation process satisfactorily. The ob- 
served complex locus of e* for glycerine is striking in being inter- 
mediate between the semicircle of simple theory and the arc locus 
found in many cases, and in this behavior being quantitatively 
described over most of the frequency range by such a simple 
expression. 

This study is part of a program made possible by a Frederick 
Gardner Cottrell grant from the Research Corporation. 

1S. O. Morgan, Trans. Electrochem. Soc. 65, 109 (1934). 

2S. Mizushima, Bull. Chem. Soc. Japan 1, 47 (1926). 

3K. S. Cole and R. H. Cole, J. Chem. Phys. 9, 341 (1941). 

4W. A. Yager, Physics 7, 434 (1936). 

5 The correction factor for the Lorentz field in Debye’s original treat- 


ment is omitted as being probably inappropriate and in any case increasing 
the discrepancy. 





Rotational Isomerism in Perfluoro Paraffins 
G. J. Szasz 


U. S. Office of Naval Research, London, England 
August 23, 1950 


ECENT interest in the properties of fluorocarbons! has shown 

that these are generally similar to those of the corresponding 

hydrocarbons. One would thus expect that rotational isomerism, 

which has been exhaustively studied in the paraffin series?~’ will 

make a significant contribution to the stereochemistry of the 
analogous completely fluorinated substances. 

We have investigated the infra-red absorption spectra of per- 
fluoro n-pentane, n-hexane, and n-heptane in the region 9 to 13,. 
The spectra were obtained in the vapor, liquid, and crystalline 
solid phases. In addition quantitative intensity measurements 
were made on appropriately chosen pairs of lines belonging to 
different isomers as a function of temperature in the liquid phase. 
The detailed res\:\ts and experimental techniques will be presented 
later. 

As for the paraffin hydrocarbons a striking simplification occurs 
abruptly at the freezing point. This permits the separation of the 
bands belonging to the most stable isomer from the rest of the 
spectrum. The results of the quantitative intensity measurements 
are summarized in Table I. The results are very similar to those 
obtained for the corresponding hydrocarbons.’ In the absence of 
additional information we assume that the extended, zig-zag form 
again represents the most stable configuration and is the only one 
present in the solid. 

Recent evidence* suggests that there exist strong repulsive 
forces between fluorines on adjacent carbon atoms and thus one 
would perhaps expect higher values for the energy differences be- 
tween the rotational isomers than those observed by us. While 
the “straight” forms of these molecules are non-polar, the “bent” 
forms will possess permanent electric dipoles. Consideration of 
the electrostatic forces shows" that this would tend to stabilize 
the “bent” forms in the liquid phase as compared with the vapor. 
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TABLE I. The energy difference between rotational isomers 
in liquid perfluoro n-paraffins. 











Temperature Energy difference 

Compound Line pair(s), cm range, °K cal. mole, —AH 
n—CsFi2 834-881 150-220 460 +100 
990-1022 150-220 350+150 
n—CoF 4 795-818 195-280 600 +150 
818-833 195-280 580 +150 
n—CiF 16 1030-1058 220-330 600 +100 








However, the similarity of the vapor and liquid spectra at com- 
parable temperatures shows that the different rotational isomers 
are present in nearly the same relative concentration in the two 
phases. We believe therefore that the energy differences in the 
vapor phase will not be significantly higher than those obtained in 
this investigation. 

We thank Professor F. J. W. Roughton, F.R.S., for permission 
to work in the Department of Colloid Science, Cambridge, and 
Dr. N. Sheppard and Mr. J. K. Brown for help with the spectro- 
scopic equipment and measurements. We are greatly indebted to 
Dr. W. H. Pearlson of the Minnesota Mining and Manufacturing 
Company for the fluorocarbon samples and to the Office of Naval 
Research for permission to carry out this investigation. 


1 Report on Conference on Fluorides and Fluorocarbons, ONR, Washing- 
ton, D. C. (1949). 

2K. W. F. Kohlrausch and F. Képpl, Zeits. f. physik. Chemie B26, 
209 (1934). 

% Szasz, Sheppard, and Rank, J. Chem. Phys. 16, 704 (1948). 

4 Rank, Sheppard, and Szasz, J. Chem. Phys. 17, 83 (1949). 

5 N. Sheppard and G. J. Szasz, J. Chem. Phys. 17, 86 (1949). 

6D. W. E. Axford and D. H. Rank, J. Chem. Phys. 17, 430 (1949). 

7D. W. E. Axford and D. H. Rank, J. Chem. Phys. 18, 51 (1950). 

8H. P. Lemaire and R. L. Livingston, J. Chem. Phys. 18, 569 (1950). 

°F, A. M. Buck and R. L. Livingston, J. Chem. Phys. 18, 570 (1950). 

10 W. F, Edgell and D. G. Weiblen, J. Chem. Phys. 18, 571 (1950). 
, u on Mizushima, Kuratani, and Katayama, J. Chem. Phys. 18, 
54 (1950). 





The Variation of Rate of Desorption 
with Extent of Surface Coverage 


JOSEPH WEBER AND KEITH J. LAIDLER 


U.S. Naval Ordnance Laboratory, White Oak, Maryland and 
The Catholic University of America, Washington, D. 


August 14, 1950 


ECENTLY Rideal and Trapnell' reported results on ad- 
sorption heats which lead to the conclusion that whereas 
dilute films of hydrogen on tungsten evaporate very slowly, more 
concentrated films evaporate much more rapidly. This effect is 
due to the repulsive forces acting between adsorbed molecules, 
and has an important bearing on the mechanism of the para- 
orthohydrogen conversion and many other reactions. In connec- 
tion with a study of the catalyzed ammonia-deuterium exchange 
reaction, using the technique of microwave spectroscopy to deter- 
mine NH; concentrations, we have recently demonstrated directly 
that rates of desorption are markedly increased as the surface be- 
comes more fully covered. 

The work has been done with a singly promoted iron catalyst 
(No. 631) kindly supplied by Dr. P. H. Emmett. We have found 
that the rate of evaporation of deuterated ammonia from the sur- 
face is increased markedly as the pressure of NH; in the gas phase 
is increased. For example, with 40 g of catalyst at 122°C and a 
pressure of 1p the rate of desorption of deuterated ammonia is 
5X10-*° mole sec.-!. With a NH; pressure of 20 cm on the other 
hand, the rate of desorption is 1.4 10-* mole sec.~; in a 2-liter 
vessel deuterated ammonia corresponding to a pressure of 1 cm is 
in fact desorbed in less than 10 min. In view of the effect it is not 
sufficient, before starting a new experiment, merely to pump out 
the reaction vessel : the catalyst must be washed several times with 
the gas mixture to be employed in the experiment. 

The effect was first noticed by us on the walls of the 1-cm 
copper wave guide used, Since the adsorption on an untreated 


LETTERS TO 





THE EDITOR 





wave guide was sufficient to interfere with the analysis, jt wa, 
coated with a layer of Glyptal which was then baked; the Coating 
thickness was 0.0003 in. If NHs is introduced into such a waye 
guide and the system then pumped down to 10 mm, the desorp. 
tion can be followed both by observation of the increase of pres- 
sure and of the pressure broadening of the 3-3 line of the ammonia 
inversion spectrum. Under these conditions the initial pressure 
rise is about 5y per minute. On adding a mixture of NH, and 
deuterated ammonias the rate of desorption of NH; can be fy). 
lowed by measuring the total pressure and the peak absorption 
of the 3-3 line, this peak being approximately proportional to the 
mole fraction of NH3. In this way we have found, for example 
that a pressure of 0.4 mm increases the rate of desorption of 
NH; by a factor of at least 100. The desorption of deuterated 
ammonia is found to be similarly increased. In order to analyze 
mixtures of the ammonias we have therefore found it necessary 
to wash several times with the mixture to be analyzed. 

These results, like those of Rideal and Trapnell, cannot be 
explained on the basis of variability of the catalyst surface, but 
only in terms of repulsive forces. Since the rates of catalyzed re. 
actions are sometimes controlled by desorption rates it follows 
that surfaces may be rendered more active catalytically by the 
adsorption of reactant or other molecules. 

Further details of this work will be included in a later paper on 
the kinetics of the ammonia-deuterium exchange. 


1E. K. Rideal and B. M. W. Trapnell, Faraday Soc. Discussion on Hetero- 
geneous Catalysis, Liverpool (April, 1950). 





The Magnetic Susceptibility of Europium 
and Samarium Amalgam 


Davip L. DouGLas AND Don M. Yost 


Gates and Crellin Laboratories of Chemistry, California Institute of 
Technology, Pasadena, California* 


August 16, 1950 


HE difficulties encountered in preparing the rare-earth 
metals have seriously hampered the investigation of the 
physical and chemical properties of these substances.' By far the 
most extensive piece of work is that of Klemm and Bommer? 
These investigators prepared the metals by reducing the an- 
hydrous trichlorides with the stoichiometric amount of potassium. 
We are reporting the results of some preliminary studies of the 
magnetochemical properties of the rare-earth amalgams. While 
the literature contains many references to the magnetochemical 
properties of amalgams,’ particularly those of the alkali metals, 
it appears that this approach to the study of the rare-earth metals 
has been overlooked. Samarium and europium were chosen as the 
first objects of study because of the considerable theoretical im- 
portance attaching to their position near the middle of the 
lanthanide series. 

The origin and purity of the europium used in this research has 
been discussed in a previous publication.‘ The samarium was ob- 
tained from Research Chemicals, Inc:,5 and was reported by them 
to be better than 99 percent Sm2O3. Purification of the mercury 
was effected by the usual acid washing and a single distillation. 
The magnetic susceptibilities of the samarium and mercury wert 
determined in order to establish their purity as regards pare- 
magnetic or ferromagnetic substances. A solution of SmCl; in 
dilute HCI was used for the samarium measurement; and the re- 
sult obtained was xsm=6.75+0.07X10-* c.g.s./g at 27.5°C, in 
good agreement with Sugden and Tailby’s recent determination‘ 
The specific susceptibility of mercury was found to be —0.16 
+0.001X10-* c.g.s./g, agreeing well with the best values from 
the literature.” ® 

The amalgams were prepared by reducing the rare-earth ace 
tates in solution with sodium amalgam.® After washing with water 
to remove any unreacted sodium the amalgams were introduced 
into the sample tubes under dry nitrogen. The susceptibilities wert 
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TABLE I. Magnetic susceptibility of europium amalgam. 








(2) (3) (4) 
Field Temp. 
(oersteds) (°C) 


(S) (6) (7) 
Kobs X 10° Xobs X10 


xm X108 
(c.g.s. /ml) (c.g.s./g) (c.g.s. /mole) 





9104 
— 25.0+0.1 
8580 


9140 
8680 


25.0+0.1 0.104 


9140 25 +1 6.15 X1073 


9140 
—_— 25.8 +0.2 


8680 


25.1+0.2 


0.47 29.200 
= ep 0.035 +1100 
0.48 


0.40 
0.40 


28600 
+1100 


30400 


8.08 +0.03 








TABLE II. Magnetic susceptibility of samarium amalgam. 








(2) (3) (4) 
Field Temp. 


(oersteds) (cy Wt. % Sm 


(5) (6) (7) (8) 
Kobs X 108 Xobs X10 xm X108 
(c.g.s. /ml) (c.g.s./g) (c.g.s./ml) Meff 





9140 25.0+0.1 0.323 


9140 25.0+0.1 0.375 


9140 
8580 


9140 
8580 


24+0.5 0.426 


25 +0.5 0.528 


—1.55 —0.115 
2.38 +0.07 


2.28 +0.06 


2360 +140 
—1.51 2160 +120 


—1.38 


—1.39 
—1.19 


—1.19 


—0.112 


—0.102 2250 +90 2.32 40.05 


—0.0882 2220 +90 2.31 40.05 








measured by the Gouy method, the balance used having been de- 
sribed in a previous publication.’ Analyses were carried out by 
extracting the rare-earth with warm 6N HCl, precipitating it as 
the oxalate and igniting to the oxide at 850°C. Precautions were 
taken during the weighings to prevent appreciable reaction of the 
oxide with the water and carbon dioxide in the air. 

The results of the measurements with europium and samarium 
amalgams are given in Table I and Table II, respectively. Columns 
1 to 5 list the observed quantities as indicated. In calculating the 
specific susceptibilities (column 6) the density of mercury at the 
indicated temperature was used. The validity of Wiedemann’s 
additivity law was assumed in calculating the molar susceptibility 
of the rare-earth component." Effective Bohr magneton numbers 
(wet) are tabulated in column 8 only as a convenient method of 
comparing observed and theoretical susceptibilities. A diamag- 
netic correction of —30X10-* c.g.s./mole was applied to the sa- 
marium values. The errors indicated are the maximum errors, 
not probable errors. 

Klemm and Bommer found an effective moment of 8.3 for 
metallic europium. Our result, probably somewhat more accurate, 
isin good agreement with this. Spectroscopic evidence assigns a 
configuration (outer shells only) and term symbol to europium of 
4f'5s5p%6s? 8S, for which is calculated an effective moment of 
794. Thus the magnetic and spectroscopic results are in excellent 
agreement. 

For the case of samarium no such agreement is to be found. At 
°C Klemm and Bommer determined the effective moment of 
the metal to be 2.07. Our value for the amalgam, namely, 2.28 to 
238, is definitely greater than that found by Klemm and Bommer 
for the presumably pure metal. Selwood"* has measured the sus- 
ptibilities of samarium (II) and samarium (III) compounds and 
reports the following effective moments: Sm(II) =3.62; Sm(III) 
=1.55. These values for the compounds have been put on a firm 
theoretical basis by Van Vleck and Frank.'516 Any satisfactory 
‘planation of the anomalous moments found for metallic sa- 


marium and for its amalgam must await further experimental 
and theoretical work. 

We wish to express our appreciation for a loan of some europium 
by Mrs. Ethel Terry McCoy. We are also grateful to the Research 
Corporation for a grant which aided, in part, the work reported 
here. The senior author (D.L.D.) is indebted to the United States 
Rubber Company for financial assistance in the form of a fellow- 
ship for the year 1949-50. 


* Contribution No, 1449. 
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Carrier-Free Radioisotopes from Cyclotron Targets 
XI. Preparation and Isolation of Os and 
Re". '* from Tungsten* 


JEANNE D. GILE, WARREN M. GARRISON, AND JOSEPH G. HAMILTON 


Crocker Laboratory, Radiation Laboratory, and Divisions of Medical Physics, 
Experimental Medicine, and Radiology; University of California, 
Berkeley and San Francisco, California 


May 26, 1950 


ONG-LIVED radioisotopes! of rhenium and osmium have 
been isolated in the carrier-free state from a tungsten exit 
strip which was removed from the 60-in. cyclotron at Crocker 
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Laboratory after a period of four months of almost continuous 
operation with protons (10 Mev), deuterons (20 Mev), and alpha- 
particles (40 Mev). The possible transmutation reactions include: 
W(d, xn)Re, W(p, xn)Re, W(a, pxn)Re, and W(a, xn)Os. In the 
procedure reported here, the long-lived isotopes of rhenium, 
Re!®.1%, and osmium, Os!**, produced by the nuclear reactions 
W!#(d, m)Re!®, W18(d, 2n) Re!®, W!8(d, n)Re!, W!*(d, 2n) Re!, 
W!2(a, pn)Re!*4, W18(a, 2)Os!®5, and W18(a, 22)Os!®> were sepa- 
rated from the target element and from other possible long-lived 
transmutation products by a combination of volatility and solvent 
extraction methods. 

The tungsten strip (approx. 2 g) was fused with 10 g of KOH 
and 0.5 g of KNO; at 500°C for 30 minutes to form the water- 
soluble tungstate, perrhenate, and osmate. The fused mass was 
dissolved in a minimum volume of cold water and centrifuged to 
remove insoluble matter. The solution was acidified with 16N 
HNO; precipitating tungstic acid which was removed by centrigu- 
gation. The supernatant containing the carrier-free radio-rhenium 
and radio-osmium was diluted to 5N and transferred to an all- 
glass distilling flask. The carrier-free radio-osmium, presumably 
as the volatile OsO,, was distilled into an ice-cooled trap containing 
5 N HNO. The rhenium activity remained in the residual solu- 
tion. The HNO; distillate (25 ml) was extracted with two 25-ml 
aliquots of CCl, which removed over 95 percent of the radio- 
osmium from the aqueous phase. After washing with water to 
remove HNOs, the radio-osmium was quantitatively re-extracted 
from the CCl, phase with 2 ml of 0.1.N NaOH which on neutraliza- 
tion gave an isotonic saline solution for biological investigation. 
The carrier-free radio-rhenium was isolated from the residual 
HNO; solution using the distillation procedure previously? de- 
scribed in the preparation of carrier-free rhenium from tantalum. 
The Os!® was identified by the 97-day half-life and by the 0.75- 
Mev gamma-ray previously reported.*4 The Re!*.1% showed the 
0.2- and 0.7-Mev beta-particle and the 1.0-Mev gamma-ray re- 
ported® for 50-day Re!*. Half-life measurements showed an ap- 
proximately 57-day period which began to lengthen after three 
weeks due to the approximately 240-day Re! isotope. The ac- 
tivities were further identified by chemical separation using W, 
Re, and Os carriers. 

We wish to thank Professor G. T. Seaborg for helpful sugges- 
tions, Mr. T. Putnam and Mr. B. Rossi and the crew of the 60-in. 
cyclotron for bombardments and Mrs. Alberta Mozley for assist- 
ance in counting. 

* This document is based on work performed under Contract No. W-7405- 
eng-48-A for the AEC. 
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On the Lattice Frequencies of 
1,2-Dihalogenoethanes 


Isao ICHISHIMA AND SAN-ICHIRO MIZUSHIMA 


Chemical Laboratory, Faculty of Science, Tokyo University, 
Bunkyoku, Tokyo, Japan 


August 16, 1950 


HE disappearance of many Raman lines of 1,2-dichloro- 
ethane and 1,2-dibromoethane (XH2C—CH2X) upon solidi- 
fication was observed by Mizushima and Morino who explained 
this phenomenon, considering that these substances are in one 
molecular form (trans-) in the crystalline state and in two molecu- 
lar forms (¢rans- and gauche) in the liquid state.1 They also found 
low frequency Raman lines characteristic to the crystalline state 
which were considered to correspond to lattice vibrations. The 
assignment of these lattice frequencies can be made by the selec- 
tion rule for molecular crystals recently developed by Ichishima? 
which is similar to that proposed by Halford.’ 


THE EDITOR 


The lattice frequencies of a molecular crystal so far obseryeq in 
the Raman effect are related closely to the structure of a single 
molecule. This enables us to adopt an approximate method j, 
which we treat the motions of a molecule moving in a potentia) 
field formed by surrounding molecules in their equilibriym posi. 
tions. According to our view the anharmonicity of the inte. 
molecular forces which would give rise to the observed considerabj. 
temperature dependence? of lattice frequencies and the large valy. 
of thermal expansion coefficient of molecular crystals may jp 
partly responsible for the characteristic vibrational modes o 
molecular crystals. 

The molecules of 1,2-dihalogenoethanes in the crystalline stat. 
being in the é¢rans- form with the symmetry Cza, the symmetry of 
the said potential field would correspond to one of the subgroups 
of Ca: ie., Ci, C2, Ce, and Cox. The existence of the center of 
symmetry (C;) which is very probable in this case allows only the 
rotatory vibrations in the Raman effect and forbids the trang). 
tory vibrations. Of the three Raman active rotatory vibration; 
one about the molecular axis or the axis joining two halogen atoms 
would escape detection owing to the small change of polarizability. 
Therefore, the frequencies 53 and 74 cm of 1,2-dichloroethane 
and 41 and 53 cm™ of 1,2-dibromoethane observed below the 
transition point should be assigned to the rotatory vibrations 
about the two axes, both perpendicular to the molecular axis, 
Since the moments of inertia about these two axes are practically 
equal to each other, the appearance of two different frequencies 
for each of these two substances would be due to the difference of 
the restoring forces for these two motions. This would be seen 
from the result of the crystal structure analysis made for 1). 
diiodoethane‘ which would not be much different from that for 1,2- 
dichloroethane or for 1,2-dibromoethane. The fact that only one 
lattice frequency (66 cm™ for 1,2-dichloroethane and 49 em 
for 1,2-dibromoethane) was observed for each of these 1,2-dihalo- 
genoethanes above the transition point can be reconciled with this 
view, since the free rotation about the molecular axis sets in above 
the transition point’ and the restoring forces tend to become equal 
to each other. 

1S. Mizushima and Y. Morino, Proc. Ind. Acad. Sci. 8, 315 (1938), 
Raman Jubilee Volume. See also Mizushima, Morino, Watanabe, Shi- 
manouchi, and Yamaguchi, J. Chem. Phys. 17, 591 (1949). 

21. Ichishima, Rep. Rad. Chem. Res. Inst. (Tokyo University) 4, 9 (1949). 

*R. S. Halford, J. Chem. Phys. 14, 8 (1946). 


4H. P. Klug, J. Chem. Phys. 3, 747 (1935). 
5H. S. Gutowsky and G. E. Pake, J. Chem. Phys. 18, 162 (1950). 





Directed Valence in IF; and IF; 


RoBertT L. Scott 
Department of Chemistry, University of California, Los Angeles, Californias 
August 16, 1950 


ECENTLY Lord and co-workers! have studied the infra-red 
and Raman spectra of iodine pentafluoride and iodine hepts- 
fluoride and have concluded that the IF; molecule is a tetragonal 
pyramid (Cy, symmetry) while the IF; molecule is a pentagon 
bipyramid (Ds, symmetry). By applying group theory to the 
problem of directed valence, Kimball? showed that the former 
structure is consistent with sp*d?, sd‘, p'd®, or pd* hybridization, 
but he did not consider the pentagonal bipyramid for the o- 
ordination number seven.* Duffey* has recently shown that 4 
plausible orthogonal set of pentagonal bipyramidal orbitals aa 
be constructed with the over-all composition sp*d°. 

Since atomic iodine has the electronic structure (1s)*(2s)*(2p! 
(3s)2(3p)®(3d)#9(4s)2(4p)6(4d)!°(5s)2(5p)5, it is evident that 
compounds where iodine has a multiple valency it is necessary ! 
use either the 5d or 4f orbitals or both. Since it does not appear 
obvious that the 5d orbitals must necessarily be chosen in prefer 
ence to the 4f, it seems desirable to extend Kimball’s group theo- 
retical treatment to include f electrons for the symmetries Cw 
and Dsn. 

Tables I and II give the possible compositions for bonds corte 
sponding to these symmetries. The representations leading " 
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TABLE I. Five tetragonal pyramidal bonds. 








Bi B: 











TABLE II. Seven pentagonal bypyramidal bonds.* 

















s The representation Az” in this table is labeled Ai” in Kimball’s Table 
XIII. 


bonds are included in the tables, although the high electro- 
negativity of fluorine would seem to preclude any significant con- 
tribution of bonds of the type I-=F*. 

For IF; there are 21 distinct configurations consistent with Cy, 
symmetry, as well as an infinite number of linear combinations. 
There are seven valence electrons outside the closed shells of 
iodine; so we must also account for two non-bonding electrons. 
Since the energy of electrons in the 5s and 59 orbitals is appreci- 
ably lower than that for 5d or 4f, it seems reasonable to exclude 
all those configurations which fail to make maximum use of these 
orbitals, either for bonding or for the non-bonding pair. When 
this is done, only six remain: sp*d, fsp®, sp’d?, fsp*d, and fp'd. 

A particularly inviting explanation for the IF; structure is ob- 
tained by forming six approximately octahedral orbitals, one of 
which is occupied by the non-bonding pair, thus minimizing the 
overlap. For full octahedral symmetry (0,), the only allowed com- 
binations are sp'd and f*sd? and the latter does not use the 5p 
orbitals. In addition to these two, f?spd? and fsp*d* satisfy the sym- 
metry (Ds,) of a tetragonal bipyramid, but neither uses all the 
porbitals. Many combinations give non-planar tetragonal bonds 
(Cysymmetry) but only three satisfy our additional requirements: 
spe, spdf, and spf. 

For IF;, which uses all the valence electrons for bonding, the 
possibilities are more limited. Of the eight configurations allowed, 
only two, dp'd* and f*sp'd, utilize fully the 5s and 5 orbitals. Both 
of these are also consistent with the ZrF;~* and TaF,~ structures, 
the only other experimentally observed spatial arrangements with 
coordination number seven. 

It is evident that further study and experiments are required 
before one can attempt to assess the contributions (if any) of 
{electrons to these structures. 

The author wishes to express his indebtedness to Professor 
W.G. McMillan, Jr. for many helpful discussions. 

‘Lord, Lynch, Schumb, and Slowinski, J. Am. Chem. Soc. 72, 522 (1950). 

'G. E. Kimball, J. Chem. Phys. 8, 188 (1940). ee 

Kimball discussed pentagonal plane orbitals (p%d%) for coordination 


aumber five, but excluded them as unstable because of steric interference. 
‘G. H. Duffey, J. Chem. Phys. 18, 943 (1950). 





On Heat Conductivity in Liquids* 
, A. W. LAwson 
Institute for the Study of Metals, University of Chicago, Chicago 37, Illinois 
August 18, 1950 


T#s note is not concerned with the more formal and rigorous 

Statistical theories of transport phenomena in liquids such 
4s those of Kirkwood! and Born and Green.? Rather, its purpose is 
call attention to a simple quasi-empirical relation which per- 
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TABLE I. The relative variation of heat conductivity in C2HsOH as a 
function of temperature and pzessure. 








Ea. (1) Eq. (2) Eq. (3) Eq. (4) Experiment 





K30°c 


— 0.93 1.17 1.08 1.02 1.03 
K75°C 


Ko000 kg/cm? 


KE 1.00 1.82 2.60 1.49 1.45 
2000 kg/cm? 








TABLE II. Pressure variation of heat conductivity in C2HsOH. 








K(p) 


K 
Pressure in (P) Ki 
0) 


from Eq. (4) 
kg/cm? X107% Ko) 


from experiment 
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mits estimates of the temperature and pressure variations of heat 
conductivities. 

Three formulas have been used in the past for the heat con- 
ductivity of a liquid; one of these is 


K~OnX(mkT)i5-, (1) 


where C is the specific heat per unit mass, the mean free path, 
k Boltzmann’s constant, m the molecular weight, and T the abso- 
lute temperature. This equation is that used in elementary kinetic 
theory of gases, in which d for liquids is usually assumed approxi- 
mately equal to the interatomic distance 6. 

Bridgman’ has suggested the use of 


K~Ci~vm, (2) 


where 2, is the velocity of sound. This dimensional equation gave 
surprisingly good values for the heat conductivity of liquids but 
failed to predict the pressure variation satisfactorily. 

Kittel* and Kincaid and Eyring’ have applied the equation 


K~CorsS—'m, (3) 


where S is the free path in the available volume, which the mole- 
cule is assumed to traverse in a gas-like manner in order to execute 
a collision with a neighbor. This formula also fails to give satis- 
factory agreement for temperature and pressure variations. 

We would like to call attention to the fact that a combination 
of Eq. (2) and Eq. (3) leads to a more satisfactory model. Thus we 
propose to write 


K~C5“[(S/vr)+(5/0.) }-'m. (4) 


This equation may be interpreted as endowing the available vol- 
ume with a gas-like resistivity in series with which is the resistivity 
of the imperfectly rigid but elastic molecule. In other words, a 
time ¢=65/v, is required during the actual collision for the mo- 
mentum of one molecule to be transferred to its neighbor. This ¢ 
is the order of magnitude of the reciprocal of a low frequency 
molecular vibration. 

We must not expect accurate predictions of the absolute value 
of heat conductivity, owing to the crude nature of Eqs. (1)-(4) 
and our inability to estimate the role of vibrational, rotational, 
and translational degrees of freedom, respectively. We may, how- 
ever, inquire concerning the temperature and pressure variation 
of the heat conductivity. A comparison of the various models with 
experiment is shown in Table I, where to v, we have arbitrarily 
assigned the value 2.85X10* cm/sec., a not implausible value. 
Such a value implies that the collision time is comparable to the 
time required to cross the mean free path at ordinary pressures 
and is the dominant effect at high pressures. For the available 


volume V, of C:H;OH at 30°C we have used 17 cm’. The value of 
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S is computed after the manner of Tonks,* namely, S/5= (1—6#) /6! 
where 6=1—V,/V. It will be observed that the best agreement is 
for Eq. (4). 

Table II shows the variation of K at 30°C in C:H;OH as a 
function of pressure over a wider range of pressure. The agree- 
ment is worst at the higher pressures where results are quite sensi- 
tive to the choice of V4. It should be remarked that in all computa- 
tions made above, we have neglected the variation of specific 
heat with temperature and pressure. The choice of C2H;OH is 
purely arbitrary but the agreement would be about as good for 
other alcohols and hydrocarbons which have been measured. 

In conclusion, it should be remarked that a simple extension of 
this model is possible by assuming an interatomic potential of 
the type previously used by Kincaid and Eyring.’? However, the 
uncertainty concerning the effects of rotation does not seem to 
justify a more refined treatment. 
oan work was supported in part by the ONR under Contract 6-ori- 

1J. G. Kirkwood, J. Chem. Phys. 14, 180 (1946). 
us Gen and H. S. Green, Proc. Roy. Soc. A188, 10 (1946) and A190, 

3P. W. Bridgman, Physics of High Pressures (G. Bell and Sons, Ltd., 
London, 1931). 

4C. Kittel, J. Chem. Phys. 14, 614 (1946). 

5 J. F. Kincaid and H. Eyring, J. Chem. Phys. 6, 621 (1938). 


6 L. Tonks, Phys. Rev. 50, 955 (1936). 
7J. F. Kincaid and H. Eyring 5, 587 (1937). 





The Structure and Dipole Moment of 
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E1tir AMBLET 

Department of Physics 

AND 
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August 21, 1950 


HE structure of the simple molecule hydrazoic acid, HNs, 

has been determined previously from infra-red! and elec- 

tron diffraction data.? However, these structures can be improved 

in accuracy and reliability with the use of data obtained from a 

study of the microwave spectrum. In addition, the dipole moment 
can be obtained. 

In this study, hydrazoic acid was prepared by treating samples 
of a few milligrams of sodium azide with phosphoric acid. The 
hydrazoic acid vapors were dried with CaCl2. DN; was prepared 
by the same procedure using D;PO,(D,0+P:.0;). To prepare the 
molecules containing N'*, NO made by heating N!5H,N“O; was 
passed over sodium amide at 200°C to form sodium azide. It is 
interesting to note that all of the three possible isotopic molecules 
(listed in Table II) were prepared simultaneously by this 
‘procedure. 

The microwave spectra of the hydrazoic acids were observed 
using a Stark modulation spectrometer. From the measured fre- 
quencies of the 0o,o— 10,1 rotational transitions the values of the 
sum of the rotational constants Bp +Cp were obtained. In the case 
of HN;"* a very accurately measured value of Ao—(Bo+Co)2 was 
available from infra-red data.! For this molecule Ao has been calcu- 
lated with great accuracy. 

Hydrazoic acid is a very slightly asymmetric rotor (x=0.99921). 
However, because of its asymmetry, it is difficult to relate directly 
the rotational constants to the structural parameters. With the aid 
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of Eyster’s parameters as a first approximation, J, has been calc 
lated from the new Ao and the distance of H above the N; ay; 
obtained directly. The remaining three structural paramete; 
were evaluated from the changes in (Bo+Co) produced by the igo 
topic substitutions. The equations relating the rotational cop, 
stants of the mono-isotopically substituted molecules to the foy, 
structural parameters were solved numerically by a method ¢ 
successive approximations. The structure is completely deter. 
mined from the experimental data. 

The effective values of the structural parameters in the groynj 
vibrational state, obtained in this manner, are given in Table | 


TaBLeE I. Structural parameters for HNs. 








HNs parameter 
derived from micro. 
wave and infra. 

red spectra 


1.134 40,0034" 
1.240 +0003 
1.021 +0.01 
112°39’ +30 


HNs parameters 
derived from 
infra-red 
spectrum (a) 


1.128 
1.241 
1.012 
110°52’ 


Electron 
diffraction 
values (b) 


1.136 +0.01A° 
1.247 +0.01 





N2—N:; distance 
Ni—N: distance 
H—N distance 
HNi—N2 








TABLE II. Rotational constants for HNs. 








Frequencies of 00,0—11,0 
rotational transition  4,— Bo+Cos 
'0 +Co) 2 





H!N“N“N 621,757 Mc 
DN'“NUNu 
HN*“N"UN1S 
HNUNUNY 
HN4NiNu 


23,815.7 Mc 
22,316.1 ~ 








* See reference 1. 


along with the comparable values from the infra-red and electron 
diffraction studies. The agreement may be seen to be excellent, 
the main change being to increase the H—N distance and 
H—N-—N angle. The experimental error was actually much les 
than that indicated in Table I. However, the effects of zero- 
point vibration produce errors of larger magnitude, especially in 
the case of the H—N distance. 

The Stark effect of HN; is to a good approximation that of a 
symmetric rotor. In addition, at sufficiently large displacements, 
the complicating effects of the quadrupole coupling may be 
neglected. The component of the dipole moment along the approxi- 
mate figure axis of HN; was determined to be 0.847+-0.005 debye 
units. The observation that this moment is less than half that 
found in HNCS’ is an interesting confirmation of the fact that the 
formal charges are on adjacent atoms in HN; while they are on 
opposite ends of the NCS group. 

A more thorough study of the quadrupole coupling in this 
molecule will be made with a higher resolution instrument. The 
observed fine structure pattern, while similar to that of a single 
triply bonded N™ atom, contained contributions from both end 
N atoms. 

The authors wish to thank Professor C. H. Townes for much 
valuable advice and assistance. One of the authors wishes to thank 
the Norwegian Royal Council for Scientific Research for the grant 
of a fellowship. 

*Work supported jointly by the Signal Corps and the ONR. 

On leave from University of Oslo, Oslo, Norway. 

1E. H. Eyster, J. Chem. Phys. 8, 135 (1940). 


2V. Schomaker and R. A. Spurr, J. Am. Chem. Soc. 64, 1184 (1942). 
3C. I. Beard and B. P. Dailey, Phys. Rev. 75, 1318 (1949). 
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